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Summary
In th is dissertation, three well-defined vesicle sizes (small, m edium  
and  large) were prepared and  characterized using dynamic light 
scattering m easurem ents. The phosphate assay  of B artlett (1959) was 
used  to determ ine the phospholipid concentration.
Spectrophotom etric titra tions w ith the  dye o-methyl red and  the  
different vesicle sizes show  th a t the binding of the zwitterionic form of 
o-m ethyl red to vesicles w ith different radii is no t affected by the 
curvature (Æ^ = 1.5-1.8 x  10^ M"l). The bindhig of the  anionic form 
of o-methyl red to the  vesicles, however, was found to be m uch  weaker 
th a n  th a t of the zwitterion (Æ^  = 27 M‘ l  and  11 M"l, for the SUVs 
an d  the MUVs respectively). The weaker binding of the anion to MUVs 
as compared to SUVs indicates th a t the  curvature of m em brane 
system s h as a  significant effect on the binding of sm all charged 
molecules.
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Chapter 1 
General Introduction
l . l .  The properties o f phospholipids
Phospholipids, w hen suspended  in water, spontaneously form liquld- 
ciystalline phases. These can  take the form of either spherical micelles 
or bim olecular sheets (Alberts e t al., 1983; see Figurel). The latter, 
known as bilayers, are the  form adopted by m ost phospholipids. These 
play an  im portant role in  the  s tru c tu re  and  function of biological 
m em branes and  hence cire of considerable in terest to the  researcher. 
As a  resu lt a ttem pts have been m ade to find model system s in  which 
they can  be studied.
O
a) b)
Figure 1 : Schem atic diagram  of a) a  phospholipid micelle and  b) a  
phospholipid bilayer seen in  cross-section (Alberts et al., 1983)
In 1965 Bangham  and  colleagues in Cambridge conclusively 
dem onstrated th a t a t  appropriately high concentrations, 
phospholipids dispersed in w ater spontaneously to form microscopic 
closed vesicles (or liposomes) composed of water su rrounded  by 
bilayered phospholipid m em branes. They also dem onstrated th a t the 
struc tu re  of the lipid molecules th a t composed the m em branes was 
no t unlike the struc tu re  of phospholipids in all ceU m em branes. The 
phospholipid m em branes were relatively impermeable to m ost 
dissolved solutes, b u t offered little or no barrier to the  movement of 
water.
To understand  why liposomes form w hen phospholipids are mixed 
with water, an  understand ing  of the  chem istry of phospholipids Is 
necessary. Phospholipids are am phipathic; they have a  hydrophobic 
tall and  a  hydrophilic or polar head  (see Figure 2). The hydrophobic 
ta il is com posed of two esterified fatty acyl chains th a t contain  ten  to 
twenty-four carbon atom s and  u p  to 6 double bonds each. The polar 
end of the  molecule is com posed of a  phosphate group estertfled to the 
hydroxyl group of one of several alcohols. The common alcohol 
moieties of phospholipids are  serine, ethanolam ine, choline, glycerol 
an d  inositol.
polar(hydrophilic)
head
non-polar
(hydrophobic)
tail
Phosphate
Choline
Glycerol
HgC- 
O
O-
CH2-N+(CH3)3
CHn
I ^010 = p  o
I01
CH— CH2Io.
//
o
(A) (B)
Figure 2 s The parts  of the  phospholipid molecule phosphatidylcholine 
represented schem atically (A), and  in form ula (B) (Alberts et al., 1983)
W hen the phosphate  group is esterified to choline, 
phosphatidylcholine or lecithin is formed, and  w hen serine is the 
alcohol moiety, phosphatidylserine results. The diversity inherent in 
the fatty acid tails and  the polar head  groups m akes an  enorm ous 
variety of phospholipid m olecules possible, all of which behave 
som ewhat differently w hen p resen t as constituen ts of lipid bilayers. 
The am phipathic character of these molecules causes phospholipids to 
form closed bilayers in the  presence of water. W hen phospholipids are 
exposed to water, the  fatty acyl tails associate, excluding w ater in the
4process. Conversely, the  polar head  groups orient tow ards the bulk  
w ater phase, leading to a  bilayer configuration (see Figure lb).
Bangham  8 liposomes (banghosomes) (1965) and  the black lipid fihns 
developed by Müller et al. hi 1962 were the  m ost successful model 
m em brane system s a t the  time (see Figure 3). Both system s have 
characteristic advantages an d  disadvantages. In the case of the black 
lipid films, the  geometry is reasonably well-known and  the  two 
com partm ents separated  by the film directly accessible. However, the 
area  available for study  is sm all and  a  solvent, usually  a  hydrocarbon 
such  as decane, has to be p resen t in the m em brane for film formation 
to occur.
With B angham 's liposomes the  composition of the bilayer is better 
defined, b u t the  geometry of the  system  may vary considerably. It is 
especially dlfBcult to determ ine accurately the size of the inner 
com partm ents and  the  surface area, since these liposomes usually  
consist of several concentric layers separated by narrow  aqueous 
channels. They are th u s  referred to as multilameUar vesicles (MLVs).
€rn
A
water water
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Figure 3s Schem atic view of some bilayer model m em branes. A. A 
black lipid m em brane. B. Unilam ellar vesicles (ULVs). C. A 
multilameUar vesicle (MLV) sim ilar to those obtained by Bangham  et 
al., (1965) (fromLenaz, 1977).
Since their hiitial characterisation  (Bangham  et al, 1965), MLVs have 
been employed extensively to determ ine details of bilayer structure . 
The regular arrays of bUayers in  MLVs are ideaUy su ited  for X-ray 
studies (Schechter e t al., (1974), w hereas their relatively large size 
(> 400 nm  diameter) m akes s tru c tu ra l and  motional analysis using 
nuclear m agnetic resonance (NMR) more straightforward th an  in 
smaUer system s. However, the  size, heterogeneity and  the presence of 
m any in ternal com partm ents limit the use  of MLVs in stud ies of 
bilayer properties. M ethods have therefore been devised to produce 
unilam ellar (single bilayer) vesicles and  the trend  has been towards 
using such  ULVs for biological stud ies ever since.
61,2. The preparation of ULVs
The different techniques now available for preparing ULVs have been 
reviewed in detail by Szoka and  Papahadjopoulus (1980).
1,2,1. Sonication
Among the first ULVs to be prepared were those of Abram son et al. in 
1964. They sonicated a  dispersion of phospholipids to form optically 
clear suspensions with a  particle weight of around  2 x  10^ daltons.
The basic regime for preparing sm all unilam ellar vesicles (SUVs) 
involves diyhig lipid dissolved in  organic solvent by ro taiy  evaporation, 
and  then  hydrating it in  aqueous buffer above the transition  
tem perature. The resulting MLVs are subsequently  sonicated, either 
with a  ba th  type sonicator (Johnson e t al., 1971) or a  probe sonicator 
(Huang, 1969), under an  inert atm osphere (usually nitrogen or argon), 
to break  the m any bilayers and  produce SUVs.
Although sonication using a  probe has the advantage over other 
m ethods of vesicle preparation of speed, it can lead to contam ination 
of the  preparation with m etal from the probe tip and  m ay even lead to 
degradation of the phospholipid (Hauser and  Irons, 1972). 
Furtherm ore, th is technique can  generate aerosols. If the  solutions 
contain radioactive traces, carcinogenic chemicals, or infectious 
agents th a t have been added to the  prepeirations, these aerosols can  
be a  serious biohazard.
B ath type sonicators, on the  o ther hand, avoid these difficulties b u t 
require more a tten tion  to the  tim e of sonication in order to  obtain 
vesicles of m inim al diam eter. In addition, ba th  sonication h as  the  
advantage of being a  closed system  in which the tem perature of the 
preparation can be carefully regulated (Lawaczek et al., 1976). It is 
equally essential, w hen preparing SUVs from defined phospholipids, 
th a t the sonication is performed a t a  tem perature above the  transition  
tem perature of the lipid w ith the  highest melting point in the 
mixture, since sonication below the  transition  tem perature of the  
lipids produces struc tu res th a t contain defects in the  bilayer. These 
allow the rapid perm eation of ions and, w hen raised above the 
transition  tem perature, perm it vesicle-vesicle fusion (Lawaczek et al., 
1976).
SUVs with diam eters between 21 and  50 nm  and  a  trapped volume of 
around  0.5 L /m ol lipid are formed by sonication (Huang, 1969). The 
size depends on the phospholipid composition and  the  duration  of the 
sonication. The m ost im portan t a ttribu te  of SUVs is the fact th a t they 
form a  sm all hom ogeneous population of vesicles th a t can be 
separated  from contam inating MLVs by simple techniques. Their 
principal draw backs are the  low encapsulation efficiency of the 
aqueous space, usually  in the  range 0.1 to 1% depending on the  lipid 
concentration, the  low ratio of cap tured  volume per mole of lipid and  
the  possibility of asym m etric d istribution of various lipids between the 
outer and  inner monolayer (Barenholz et al., 1977).
81.2.2» Detergent removal
An essentially different m ethod for the  preparation of phospholipid 
vesicles depends upon the removal of detergents from detergent- 
phospholipid micelles, which resu lts in the form ation of ULVs. This 
m ethod h as been widely used  for the reconstitution of m em branes and  
was initially introduced by Kagawa and  Racker (1971). They removed 
cholate and  deoxycholate from lipid-protein m ixtures to form hpid 
vesicles th a t incorporated protein. More recent m ethods remove the 
detergent from the phospholipids by centrifugation (Warren et al., 
1974), gel filtration (Brunner et al., 1976), or by a  fast, controlled 
dialysis (Milsmann et al., 1978).
The trea tm en t of egg PC with sodium  cholate in a  1:2 m olar ratio 
followed by gel filtration on a  Sephadex G-50 colum n to remove the 
bile sa lt resu lts in the  form ation of a  hom ogeneous population of 
ULVs with a  m ean diam eter of 30 nm  (Brunner et al., 1976). This 
technique h as  been modified by increasing the m olar ratio of 
phospholipid to detergent to 2:1 (Enoch and  S trittm acher, 1979). The 
detergent is either added to preformed SUVs or the  dried phospholipids 
are sonicated in the presence of detergent. In both m ethods the 
m ixture is then  passed  th rough  two consecutive colum ns of Sephadex 
G-25 (medium porosity) in  order to remove the detergent. These 
vesicles have an  average diam eter of approximately 100 nm  and  are 
unilam ellar. The essen tia l step  in their form ation is to s ta r t with a  
phospholipid/detergent ratio of 2:1. E ither deoxycholate or cholate 
can be used  as the detergent in  th is m ethod.
9The non-ionic detergent oclylglucoside h as been used  frequently for 
the reconstitu tion  of biological m em branes and  the preparation of 
lipid vesicles (Helenius et al., 1977). Due to its high critical micelle 
concentration the rate  of detergent removal by dialysis or gel filtration 
is extremely fast as com pared to bile salts. The high rate  of detergent 
removal yields larger, b u t surprisingly homogeneous ULV populations 
using the common dialysis bag technique (Mimms et al., 1981). The 
vesicles have a  diam eter of around  200 nm.
Another modification of the  cholate removal technique allows the rate  
of detergent removal to be controlled (Milsmann et al., 1978). This 
procedure employs a  phospholipid/detergent ratio of 0.625 and  
removes the detergent in  a  flow-through dialysis cell. The resu lt is a  
high yield of hom ogeneous vesicles with a  m ean diam eter of 57 nm. 
This appara tu s h as  since been refined by Zum bühl and  Weder (1981) 
(Lipoprep apparatus) (see Figure 4). Their triple-cell dialyser has an  
in ternal therm ostat allowing the  preparation of vesicles above the 
transition  tem perature. Routinely, 6 ml of the mixed micelle solution 
were injected into the middle cell which is In contact w ith two 
cellulose m em branes of high permeability (MW cut-off 10000). S tirrer 
speeds in the  range 75-100 rev ./m in  and  flow ra tes of 
0.3-3.0 m l/m ill for each flow-through cell proved to be optim al 
conditions for detergent removal.
10
DIALYSIS FLUID
DIFFUSATE
MS ]
CONTROL BOARD
Figure 4: Instrum ental se t-up  of the  triple-cell dialyser.
This consists of two flow-through cells (FC) and  a  middle cell (MC) 
containing the mixed micelle solution, two sem ipermeable m em branes 
(M), a  stirring bar (S), a  m icrotem perature probe (TP), a  tem perature- 
controlled cell holder (TCH), a  m agnetic stirrer (MSD), a  pum p drive 
(PD), a  pum p head  (PH) and  a  control board (P = flow-rate control,
T = tem perature control, an d  MS = stirrer-speed control) (from 
Zum bühl and  Weder, 1981)
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1,2.3. Ethanol injection
An alternative m ethod for the  preparation of SUVs th a t avoids both  
sonication an d  detergents is the ethanol injection technique described 
by Batzri and  Korn (1973). Here, lipids dissolved in  e thanol are rapidly 
injected into a  buffer solution using a  Hamilton syringe where they 
spontaneously form SUVs. This procedure is simple, rapid, gentle and  
produces vesicles of a  sim ilar size to sonication (diameter ca. 26 nm). 
The m ajor draw back is th a t  one obtains a  relatively dilute preparation 
of vesicles which decreases the  encapsulation efficiency of the aqueous 
phase. To circum vent th is problem  vesicles can be concentrated by 
u ltra filtra tion .
Kremer et al., (1977) published a  modification of the e thanol injection 
m ethod where they varied the  conditions (lipid concentration and  
injection velocity) and  obtained ULVs of variable diam eter (15-50 nm). 
D ispersions of MLVs can  be reduced in  size by extrusion a t high 
pressures through a  French press. This m ethod h as  been docum ented 
by Barenholz and  colleagues (1979). D ispersions of lipids are placed in 
the  French press and  extruded a t 20000 lb s/in^  a t 4°C. D ispersions 
extruded only once consist of a  heterogeneous collection of vesicles, 
including MLVs, w ith approxim ately 60% of the  vesicles occurring in  
the  25-50 nm  size range. Multiple extrusion of the  preparation 
resulted  in a  progressive decrease in  the  size heterogeneity, and  after 
four extrusions 94% of the vesicles ranged in size firom 31 to 53 nm  hi 
diEimeter. Possible applications for vesicles prepared by th is m ethod 
are drug entrapm ent, vesicle-cell in teraction studies and  
reconstitu tion of m em brane proteins.
12
1.2.4. Extrusion
Another method, sim ilar to the  French press m ethod, w as pioneered 
by Olson et al., (1979). Vesicles of defined size and  homogeneity were 
prepared by sequentisil extrusion of MLVs through polycarbonate 
m em branes. The process is easy, reproducible, produces no detectable 
degradation of the phospholipids and  can double the encapsulation 
efficiency of the vesicle preparation. ULVs produced by th is technique 
were show n by both negative sta in  and  freeze-firacture electron 
microscopy to have m ean diam eters approaching the pore diam eter of 
the  polycarbonate m em brane through which they were extruded. W hen 
extruded several tim es through a  0.2 ^m  m em brane, the resulting 
vesicles exhibited a  uniform  size distribution with a  m ean diam eter of 
0,27 ^m  while m aintaining an  acceptable level of encapsulation of the 
aqueous phase. To extend the  applicability of th is m ethod, MacDonald 
et al., (1991) designed and  constructed  a  hand-driven, extrusion 
appara tu s which enabled convenient preparation of large ULVs from 
MLVs (see Figure 5).
13
Figure 5: Extrusion device (from MacDonald et al., 1991).
The housing (A), with its two end caps, enables the m em brane 
supports (B; two required) to be pressed together. These have woven 
nylon screens (C) on their surfaces to allow distribution of the 
suspension  over the m em brane (D) (or two m em branes in tandem) and 
"O" rings (E) to keep the screens in position and  prevent leakage of the 
sample. The stciinless steel capillary (F) has a  narrow  bore to minimize 
the hold-up volume. The sam ple is passed back and  forth through the 
m em brane (or membranes) by m eans of the two 0.25 mL syringes (G).
14
1.2.5. Ether infusion
In the ether infusion technique, introduced by Deamer an d  Bangham  
(1976), e ther solutions of a  variety of lipids were injected into warm  
aqueous solutions (see Figure 6). The rationale behind th is was th a t 
the m ost effective trapping would occur if the lipids were no t perm itted 
to form multilameUar s tru c tu res  prior to mixing w ith the  aqueous 
phase. It was therefore reasoned th a t if solutions of lipids in e ther 
were injected into an  aqueous phase  a t  a  tem perature above the 
boiling point of e ther (55 ®-65 °C w as used  here) th is condition would 
be m et and  the  lipid would coalesce into large vesicles. After the  initial 
injection phase larger vesicles were removed by filtration through a  1.2 
^m  MiUipore filter, an d  the  resulting suspension  w as passed  through a  
Sephadex G-50 gel filtration colum n to remove residual e ther and  the 
non-trapped m arker solute, A population of LUVs with a  m ean 
diam eter of around  130 nm  w as obtained.
The infusion technique of Deam er and  Bangham, (1976) is applicable 
to a  num ber of lipid m ixtures. However, the  use of organic solvents 
and  high tem peratures m ay denature  macromolecules or inactivate 
heat-soluble com pounds. W ith th is m ethod uncharged vesicles tend  to 
form aggregates, the  size distribution of the vesicles is ra ther 
heterogeneous, and  the  efficiency of encapsulation is relatively low.
heated water bath
aqueous space 
'fine-gauge needle
—Teflon plug 
gasket
O o
ipid solution in ether
glass syringe
mechanical drive
Figure 6s Schem atic Illustration of the  ether injection appara tu s 
(from Deamer and  Bangham , 1976).
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1.2.6. Reverse phase evaporation
Large ULVs can  also be formed w hen an  aqueous buffer is introduced 
into a  m ixture of phospholipid and  organic solvent and  the  latter is 
subsequently removed under reduced pressure (Szoka and  
Papahadjopoulus, 1978). These vesicles can  be m ade from various 
lipids or m ixtures of lipids an d  have aqueous volume to lipid ratios 
th a t are th irty  tim es higher th a n  sonicated preparations and  four 
tim es higher th an  MLVs. A su b stan tia l fraction of the  aqueous phase 
(up to 65% a t low sa lt concentrations) is entrapped within these 
vesicles, and  even large m acrom olecular assem blies can  be 
encapsulated with high efficiency. Thus th is relatively simple 
technique h as unique advantages for encapsulating valuable water- 
soluble m aterials such  as drugs, proteins, nucleic acids and  other 
biochemical reagents. In the preparation phospholipids are dissolved 
first in organic solvents such  a s  isopropylether an d  chloroform (1:1). 
The aqueous m aterial is then  added directly to th is phospholipid- 
solvent mixture. The preparation is then  sonicated w ith a  bath-type 
sonicator for a  brief period, forming a  hom ogeneous emulsion. The 
organic solvents are removed under reduced pressure, resulting in the 
form ation of a  viscous, gel-like interm ediate phase, which 
spontaneously forms a  vesicle dispersion when residual solvent is 
removed by continued ro taiy  evaporation under reduced pressure. The 
system  described produces large (mean diam eter 200-500 nm) 
unilam ellar vesicles from a  variety of phospholipids an d  other lipids, 
with a  high capture efficiency for various solutes and  macromolecules.
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1.2.7. Calcium-induced fusion
A unique way of preparing LUVs w as introduced by Papahadjopoulus 
e t al., (1975). The procedure is based on the  observation th a t addition 
of a  calcium -containing solution to appropriate SUVs, either by 
dialysis or direct addition, induces fusion and  resu lts in the form ation 
of large, cylindrical, folded, m ultilam ellar struc tu res in a  spiral 
configuration (cochleate cylinders). Addition of EDTA to these 
preparations produces large, closed, spherical ULVs. A variety of acidic 
phospholipids can be used  in th is preparation including phosphatidic 
acid, phosphatidyl glycerol, phosphatidyl serine and  cardiolipin, pure 
or w ith cholesterol. The m ost commonly used phospholipid is bovine 
brain  phosphatidyl serine.
The m ajor advantage of the  calcium -induced fusion m ethod in the 
formation of LUVs is th a t m acromolecules can be encapsulated under 
exceptionally gentle conditions. The resulting vesicles are largely 
unilam ellar, although of a  heterogeneous size range. The principal 
disadvantage is th a t their form ation is restricted to acidic 
phospholipids or m ixtures containing a  preponderance of acidic 
phospholipids.
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1.2.8. pH adjustment
G ains and  H auser (1983) found th a t phosphatidic acid, and  m ixtures 
of phosphatidic acid and  phosphatidyl choline dispersed in water, 
form vesicles when the  pH is raised. These vesicles are stable when the 
pH is re tu rned  to neutrality . D ispersions of phosphatidic acid 
transiently  raised to pH 10-11 have been resolved by Sepharose 4B 
colum n chrom atography in to  large (> 100 nm) and  sm all vesicles (< 60 
nm). The large vesicles had  a  trapped volume of ca. 15L/m ol 
phospholipid and  the  sm all vesicles of ca. 0.5L/m ol. Their size was 
increased by increasing the  concentration of NaCl in the  initial 
dispersion m edium  and  decreased by both increasing the  pH and  the 
rate  of pH change. Both populations of vesicles showed high 
encapsulation efficiencies (up to 40%). The larger vesicles could be 
suitable for the  encapsulation of drugs and  their surface charge varied 
by altering the  phosphatidyl choline/phosphatid ic acid ratio, as 
charge seem s to play an im portant role in the fusion of vesicles with 
cell m em branes. Indeed vesicles containing 5-10% phosphatidic acid 
are frequently u sed  for delivery of encapsulated drugs to cells.
1.2.9. Important considerations in the preparation of 
vesicles
As is obvious from the  preceding review of the cu rren t m ethods 
available for preparing vesicles, each m ethod h a s  its pros and  cons, 
an d  the  choice of m ethod depends largely on the requirem ents of the 
particu lar application. For reconstitu tion  experim ents octyl glucoside 
(Helenius et al., 1977) emd sodium  cholate (Sltriver et al., 1980) have
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been found suitable due to the ease and  rapidity of their removal and  
the  stability of proteins in their presence. It is often desirable to work 
with ULVs with a  diam eter of 200 nm  and  above for reconstitution 
experim ents which h as led to an  increase in the popularity of those 
m ethods, such  as removal of octyl glucoside by dialysis, which are 
capable of producing vesicles in th is size range.
A further consideration w hen preparing vesicles is the trapping 
efficiency of the end-product, particularly when one is trying to 
incorporate drugs or o ther large molecules. Hence m ethods with a 
high encapsulation efficiency, such  as reverse phase evaporation or 
extrusion, are  often adopted.
1.3. The characterisation of lipid vesicles by size 
distribution measurements
Before a  bilayer system  can be accepted for use as a  model m em brane 
system  in transport studies, reconstitu tion experim ents, etc., it is 
obviously necessary to characterise the  system  and  its properties. 
Param eters which are particularly im portant include the average size 
and  the size distribution.
The size and  size distribution of vesicles can be determ ined by a 
num ber of m ethods, such  a s  electron microscopy (particularly freeze- 
fracture of vesicles) (see Mimms et al., 1981, for example), analytical 
centrifugation, (for example, B runner et al., 1976) and  gel filtration 
(Nozaki et al., 1982).
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The technique of DLS (Ruf et al., 1989) h a s  proven particularly 
popular. Using th is  m ethod it is possible to determ ine the 
hydrodynamic rad ius of the  vesicles as well as their size distribution. 
This technique analyses the tem poral fluctuations of light scattered  by 
particles in solution and  th u s  h a s  the advantage th a t no probe 
molecules are needed and  the  extensive preparations required for 
electron microscopy, and  which m ay alter the characteristics of the 
sample, are avoided.
1.4, The effect of curvature on membrane characteristics
The orientation and  mobility of Upid head  groups in  lipid bilayers can 
be influenced in different ways, for example by adsorption of various 
ions (Brown and  SeeHg, 1977) and  other substances, and  is veiy 
different in m em branes w ith pronounced curvature, i.e. SUVs, to th a t 
in p lanar m em branes. This is due to in teractions of the  lipid 
m olecules with one ano ther and  the  surrounding milieu (charge- 
charge, charge-dipole, dipole-dipole. Van der Waals, hydrophobic 
interactions), and  to the  prevailing geometiy.
Indeed differences in the head  group pacldng between SUVs and  LUVs 
were confirmed by Brouillette et al., (1982). They studied  egg 
phosphatidylcholine SUVs ranging from 15 to 27 nm  in diam eter by P- 
NMR (400 MHz) to investigate the  relationship between the  Upid head 
group conform ation an d  sm all changes in the  vesicle rad ius of 
curvature. They found th a t a s  the  vesicle size decreases, the  split 
between the choline N-methyl resonances, corresponding to lipids 
residing in the ou ter an d  inner monolayers, becomes more
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pronounced. The increasing split is due to the upheld shift of the 
inner monolayer choline resonance with decreasing vesicle size. Thus 
the choline N-methyl chem ical shift is a  sensitive indicator of head  
group conformation.
The consequences of differences in the  head  group packing and  
conform ation are easy to imagine. One would expect, for example, 
th a t the  properties of lipid molecules located in m em branes with 
pronounced curvature would differ from those of a  p lanar m em brane. 
In fact Riegeler and  Mohwcdd (1986) showed th a t the Upid bilayer of 
phosphatidylcholine vesicles reconstitu ted  to incorporate 
photosynthetic reaction centre proteins in the m em brane, exhibited a  
m arkedly different fluid-gel transition  to protein-free vesicles.
Several situations come to m ind where eurvature eould play an  
im portant role in the functioning of biological m em branes. It is 
reasonable to assum e, for example, th a t the binding affinity of sm all 
molecules, particularly charged molecules, for curved m em branes 
would be higher th an  in the  ease of a  p lanar m em brane a s  a  resu lt of 
electrostatic interactions with the phospholipid headgroup. This 
would have im portant consequences in vivo for the  binding of 
substra te  molecules to intrinsic (membrane-located) enzymes, to give 
b u t one example. The strong binding of substra te  to the  boundaiy  
layer (that region of the bilayer in the  immediate vicinity of the 
intrinsic protein) could serve to increase its concentration locally and  
th u s  enhance the activity of the  enzyme. Since m any im portant 
enzymes are located in m em branes, e.g. the enzymes of the respiratory
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chain in the  inner m itochondrial m em brane, th is would have wide- 
ranging consequences.
In fact one could extrapolate to any  binding situation- the  binding of 
horm ones to their receptors and  ions to ion transporters, for example, 
come to mind. It also conceivable th a t SUVs would be more suitable 
for reconstitu tion experim ents w ith tran spo rt proteins th a n  MUVs or 
LUVs due to their higher affinity for charged substra te .
Differences in the  properties of SUVs and  LUVs were established by 
Hof e t al. in  1994. They found differences in the fluorescence decay 
behaviour of fluorescent probes located in or near the head  group 
region of phospholipid molecules in LUVs and  SUVs prepared from e ^  
yolk lecithin. TNS (2-p-toluidinylnaphthalene-G -sulphonate), for 
example, gave solvent relaxation tim es which were m uch shorter in 
the  SUVs (diameter ca. 25 nm) th an  in the LUVs (diameter ca. 200 
nm). This indicates th a t a  greater mobility of the lipid head  groups in 
the sm aller vesicles led to a  faster relaxation, and  can be explained by 
the  higher degree of curvature of the  m em brane in the sm aller vesicles 
com pared to the  larger ones which should  lead to larger splaying of 
the head  groups in the  outer monolayer. This, in tu rn , agrees with 
packing densities calculated from NMR data. For egg lecithin vesicles 
w ith a  Stokes rad ius of 105 Â, an  area  per lipid molecule of 84 and 
56 was calculated for the  inner and  outer hydrated surfaces 
respectively (Cornell et al,, 1980), com pared to 72 for a  p lanar 
surface (Small, 1967).
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1.5. Aims of the thesis
In 1974 Ruf observed, differences in the binding of the anion and  
zwitterion of o-methyl red to vesicles w ith a  diam eter of 50 nm  
(determined by eleetron microscopy) a t pH 5.4 and  pH 9.8. Later, in 
1984, Ruf and  Georgalis found, while working with two different 
vesicle sizes (25 and  52 nm  diameter), th a t the binding of the anionic 
form of o-methyl red to egg lecithin vesicles was affected by the 
m em brane curvature (Æ^  = 31 and  15 M"1 respectively), whereas 
the  binding of the  zwitterionic form w as no t affected 
( = 2 X 10^ M‘ l  for both vesicle sizes). Furtherm ore, the zwitterion
bound more strongly th an  the  anion.
The aim s of th is thesis are to investigate the  binding of the 
zwitterionic and  anionic forms of the  chrom ophore o-m ethyl red to 
model m em brane system s with different degrees of curvature and  th u s  
provide a  system atic exam ination of the  binding of small, charged and  
non-charged molecules to m em branes with variously orientated 
phospholipid head groups.
To th is purpose it is necessaiy  to prepare model m em brane system s. 
Those favoured in these investigations are lipid vesicles due to their 
stability, known composition and  relative ease of prepEiration and  
characterisa tion .
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Three different vesicle size categories are investigated here:
1. SUVs - diam eter 20-30 nm
2. MUVs - diam eter 100-120 nm
3. LUVs - diam eter 180-220 nm.
Titrations with the azo dye o-m ethyl red are carried ou t a t pH 5.4 an d  
pH 9.8 to determ ine w hether differences occur in the binding of the o- 
m ethyl red zwitterion and  anion to the three m em brane system s with 
different curvature. These pH values were chosen because differences 
have already been observed in the binding of o-methyl red to vesicles 
a t pH 5.4 and  pH 9.8 (Ruf, 1974).
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Chapter 2 
Materials and methods
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Chapter 2
Materials and Methods
2.1. Materials
Egg yolk lecithin w as isolated an d  purified from fresh egg yolks in 
accordance with the  m ethod of Singleton et al., (1965) by Gilbert 
Schim m ack w ith my assistance, and  later obtained as  a  gift from 
Lipoid KG, Ludwigshafen, Germany.
o-Methyl red was purchased  from Fluka, Neu-Ulm, Germany and  
recrystallised by Gilbert Schim m ack.
PIPES, citric acid m onohydrate and  sodium  carbonate, u sed  for 
preparing the buffers, were all pu rehased  from Fluka, Neu-Ulm and  
were analytical grade.
O ther chemicals used  were:
A phosphate s tandard  solution (Serva, Heidelberg, Germany); 
a lum inium  oxide (neutral, activity grade 1 ; Merck, D arm stadt, 
Germany); Sephadex G-50 (medium porosity) and  Sephadex LH20 
(both from Pharm acia, Freiburg, Germany).
All o ther chem icals were from Merck and  Fluka (analytical grade).
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2.2. Equipment
The equipm ent used  was as follows:
A dialysis m em brane {diameter 1 cm; Union Carbide, Chicago, USA); 
an  Amicon Model 12 ultrafiltration cell and  XM 50 m em brane filters 
(Amicon Inc., Beverly, MA, USA); silica gel 60F-254 TLC plates (Merck, 
D arm stadt, Germany); 0.8 /no. polycarbonate m em brane filters 
(Nuclepore, Bodenheim, Germany); 0.1 jum polycarbonate m em brane 
filters (Milsch Equipm ent, Heidelberg, Germany); Labofuge III 
m inicentrifuge (Heraeus, H anau, Germany); Liposofast extrusion 
device (Avestin Inc., Ottawa, Canada); Hamilton syringes and  motor- 
driven m icroburette (Microlab M) (Hamilton, D arm stadt, Germany); 
photon correlation spectrom eter (ALV, Langen, Germany); He-Ne Laser 
(Spectra Physics, D arm stadt, Germany); BI2020 m ultibit correlator 
and  Intecolor 3600 m icrocom puter (Brookhaven Instrum ents, 
Ronkonkoma, NY, USA); Hewlett-Packard System  1000 
microcomputer, Hewlett-Packard System  9815 Laptop com puter and  
Hewlett-Packard System  8450 spectrophotom eter (Hewlett Packard, 
Bad Homburg, Germany); Uvikon 810 spectrophotom eter (Kontron 
Instrum ents, Eehing, Germany); quartz  cuvettes (Helma, Mühlheim, 
Germany).
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Figure 7 shows the s truc tu res  of the  detergents used  in the 
preparation of vesicles.
A OH
OH
OH
OH
OH
ÇH3
ON a
OH
Figure 7: S tructu res of the  detergents used  in the  preparation of 
vesicles. A) n-octyl-8 -D-gIucopyranoside B) sodium  cholate.
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2»3. Methods
2.3.1. Extraction of egg yolk lecithin
The Isolation and  purification of egg yolk lecithin from fresh egg yolks 
according to Singleton et al., (1965) is described below.
Fresh egg yolks were separated from the egg white and  blended 
thoroughly with 200 mL cold acetone in a  blender (in portions of six) 
a t 25°C. Each egg yielded typically a round  20 g of egg yolk. The 
resulting  m ixture w as allowed to s tan d  for one hour a t 4°C to 
precipitate the egg yoUt lecithin an d  other phospholipids. The acetone 
was then  draw n off by w ater aspiration and  the solids w ashed three 
tim es with 250 mL cold acetone. The acetone extract, which contained 
m ost of the  neu tra l fat (e.g. cholesterol) and  pigment, w as discarded. 
The sedim ent, which still h ad  a  strong orange colour, w as stirred in 
about 1.5 L cold 95% (v/v) e thanol for 20 m m utes and  allowed to 
s tan d  for one h ou r a t 4°C. The m ixture w as then  draw n off with an  
aspirato iy  pum p and  the extraction repeated with 500 ml cold 95% 
(v/v) ethanol. The undissolved sedim ent was discarded and  the 
combined ethanol extracts ro ta iy  evaporated.
The crude phosphatides were then  dissolved in 500 mL petroleum  
ether, and  the volume reduced to 200 mL by rotaiy  evaporation. The 
extract, cooled to room  tem perature, was then  added dropwise to 1.5 L 
acetone, stirred for 10 m inutes, allowed to stand  for 2 hours a t  4°C 
under nitrogen un til the  su p e rn a tan t cleared (still a  strong oremge 
colour a t th is stage) and  rotary evaporated. The acetone phase was
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decanted and  the precipitated phospholipids w ashed with cold 
acetone. The solid was now a  brighter yellow colour. The petroleum  
ether (200 mL)-acetone step  w as repeated and  the sedim ent allowed to 
stan d  for 2 days in 1 L acetone a t  4°C. After th is time the  su p e rn a tan t 
w as decanted and  the sedim ent dissolved in dichlorom ethane to 
remove acetone and  rotary evaporated. The yield of extracted crude 
phosphatides was ca. 10%.
The colum n chrom atographic fractionation of the extracted crude 
phosphatides was carried ou t on a  colum n which m easured  5 cm inner 
diam eter by 55 cm  in length and  w as equipped w ith a  stopcock and  a  
perforated porcelain disc for support of the alum ina adsorbent. A layer 
of glass wool was placed over the  porcelain disc a n d  Cellte filter aid 
added to a  depth of ca. 5 m m  to prevent elution of fine alum ina 
particles. Alumina w as slurried  w ith dichlorom ethane (9% w/v) and  
the  s lu n y  added to the colum n as one portion. The solvent flow was 
immediately ad justed  to 10 m L/m in and  an  additional 300 mL 
dichlorom ethane added to w ash  the  alum ina. The phospholipids were 
dissolved in dichlorom ethane (5%w/v), applied to the  colum n (the 
ratio of phospholipids to a lum ina was approxim ately 1:2 0 ) and  
w ashed onto the alum ina w ith an  additional 500 mL 
dichlorom ethane. This w as allowed to flow through the colum n un til 
the  solvent level w as w ithin ca. 1 cm  of the  surface of the a lum ina 
an d  then  the colum n w as w ashed with ca. IL dichloromethane: 
m ethanol ::95:5 in order to elute the  egg yolk lecithin. 50 mL fractions 
were collected under nitrogen.
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The progress of the fractionation w as followed by th in  layer 
chrom atography using the  solvent system  chloroform :m ethanol:water 
(65:25:4) (v/v) on pre-coated silica gel 60F-254 TLC plates (Merck) 
using iodine vapour as detecting agent. Approximately 500 mL of 
eluate (fractions 1 and  2) were clear, and  contained a  sm all Eunount of 
neu tra l lipid. The next approxim ately 100 mL of eluate (fraction 3) was 
som ew hat hazy, and  TLC analysis of th is fraction indicated the 
beginning of the  elution of lecithin. The next portion of eluate was 
very cloudy, and  ca. 325 mL of th is cloudy eluate was collected as 
fraction 4. Fraction 5 w as shghtly hazy, and  fractions 6,7 and  8 were 
completely clear, and  contained decreasing am ounts of eluted 
m aterial. The eluting solvent system  w as changed after fraction 8 to 
chloroform:ethanol:water, 2:5:2 (v/v), and  ca. 2 litres of eluate were 
collected w ith th is system . Approximately 600 mL of the  eluate 
(fractions 11 and  12) were yellow, and  contained m ost of the pigment 
of the  applied sample.
Fraction 2 contained m ost of the  neu tra l lipid of the applied sample. 
Fractions 3,4 and  5 contained chrom atographically hom ogeneous egg 
lecithm, with no indication of any  o ther com ponents. The fractions 
collected after 5, while still containing lecithin, became increasingly 
non-hom ogeneous, and  contained lysophosphatides and  other 
phospholipids. Fractions eluted w ith the  chloroform :ethanol:water 
solvent system  contained lysophosphatides, sphingomyelin, cephalhi 
and  fatty acids among other com ponents.
Of the lecithin fractions eluted w ith the  chloroform :m ethanol solvent 
system , fraction 4 contained m ost of the phosphatidylcholine of the
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fractionated phosphatides. Fractions 4 and  5 were combined and  
designated as chrom atographically hom ogeneous. The two fractions 
combined represented a  yield of ca. 60 % of the phosphatides which 
were applied to the chrom atographic column.
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2o3.2. Preparation of unilamellar vesicles of different 
sizes
2 .3 .2 .1 . SUVs in the size range 20-30 nm in diameter
In the  m ethod of preparing SUVs according to B runner et al., (1976) 
egg yolk lecithin dispersions H-2%(w/v) = 13-26 mMl were prepared by 
ro taiy  evaporating the organic solvent in a  nitrogen atm osphere from 
a  solution of egg yolk lecithin in a  round-bottom ed flask an d  drying 
the  rem aining lipid film under a  vacuum  of about 0.1 Torr in a  
desiccator for 2 hours. The fipid w as th en  gently shaken  w ith buffer a t  
pH 7.3 for 1 hour to allow it to swell an d  sodium  cholate was added to 
a  final concentration of a t  least 30 mM (ca. 1.3% w/v) in order to 
dissolve the  m ultilam ellar s truc tu res  p resen t in the  dispersion.
As a  resu lt sm all mixed micelles were formed as described by Sm all 
and  coworkers (1969). 2-3 ml of ca. 1-2% (w/v) micellar solutions of 
egg yolk lecithin were th en  applied to a  Sephadex G-50 (medium 
porosity) gel filtration colum n (20 x  1.5 cm) which w as equilibrated 
and  eluted w ith the sam e buffer a t  4 °C (flow rate  7-8 m l/h). The 
sam ple volumes and  colum n dim ensions were such  th a t a  complete 
separation of egg yolk lecithin vesicles and  cholate micelles was 
achieved. A second chrom atography or a  12-hour dialysis reduced the 
cholate am ount to below the limit of detection.
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2.3 .2 .2 . MUVs in the size range 100-120 nm in diameter
In the m ethod of preparing MUVs according to MacDonald et al., 
(1991) egg phosphatidylcholine in chloroform was dried under nitrogen 
and  kept under a  high vacuum  for a t least 1 hour. The Upid was 
hydrated a t a  concentration of 6-30 mM in aqueous buffer and  freeze- 
thaw ed ten  tim es in a  solid CO2 /e th an o l b a th  to ensure solute 
equilibration between the  different bilayers of the m ultilam ellar 
preparation.
The m ultilam ellar vesicles were th en  extruded th rough  polycarbonate 
filters (100 nm  pore size), m ounted in an  extrusion device (see Figure 
5 in 1.2.4), by m eans of two 0.25 ml Hamilton syringes. Sam ples were 
usually  subjected to 19 passes through two filters in  tandem . An odd 
num ber of passages w as used  to avoid contam ination of the sam ple by 
large vesicles which m ight no t have passed  through the  filter. Electron 
microscopy showed the vesicles to be unilam ellar an d  reasonably 
hom ogeneous (MacDonald et al., (1991). The average diam eter was 
close to the pore size of the  m em branes used  for the  extrusion.
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2.3.2 .3 . LUVs in the size range 180-220 nm in diameter
In the  m ethod of preparing LUVs according to Mimms et al., (1981) egg 
lecithin was dissolved in 2:1 (v/v) chloroform -methanol in  a  30 mL 
Corex tube, an d  the  m ixture w as dried to a  th in  film under a  stream  
of argon and  then  p u t under vacuum  for several hours to remove the 
residual traces of organic solvent. The lipid film was redissolved in
0.4-0.6 mL octyl glucoside in  buffer an d  dialysed against two IL 
changes of buffer for 12 hours each. The composition of the  buffer in 
th is step  included whichever sa lt it w as desired to trap  in the  vesicles 
together with 0.01 M Tris-HCl, pH 7.5 or 8.5. Most of the detergent 
was removed a t th is point in  the procedure, and  the solution became 
turbid. The am ount of initially deposited lipid was varied between 2 
an d  10 mg, an d  the m olar ratio of detergent/lip id  hi the  final solution 
w as varied from 4 to 15, It w as found th a t octyl glucoside had  to be 
p resen t in the final m ixture a t minimally a  4-fold higher 
concentration to obtain a  clear solution. The best vesicle preparations 
were obtained w hen the detergent/lip id  ratio was increased to 10:1 or 
above. Electron m icrographs of these preparations dem onstrated the 
unilam ellar n a tu re  of the  vesicles (Mimms et al., 1981).
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2.3.3. Concentration o f vesicles
For titrations where higher lipid concentrations (above 10 mM) were 
required in order to observe the  binding of o-methyl red, it was 
necessary to concentrate the  vesicles by ultrafiltration. This was 
carried ou t a t  4 °C in  a n  Amicon ultrafiltration cell w ith a  volume of 
10 mL using Amicon XM 50 m em branes and  a  pressure of 55 psi.
2.3.4. Characterisation of vesicles 
2.3.4 .1 . Phosphate assay
The phosphate assay  of B artlett (1959) is a  m ethod commonly used for 
determ ining the  phospholipid concentration. The basis of the  assay  is 
the  reduction of the yellow phosphom olybdate complex, formed on 
addition of am m onium  m olybdate to fi*ee phosphate, by the Fiske 
S ubba  Row reagent, to give a  blue colour. Full colour development is 
accelerated by boiling a t 100®C for 7 m inutes and  the colour then  
remeiins stable for several hours. Acidic conditions are necessary.
For more details on the experim ental procedure see 3.1.
2.3.4  2. Dynamic light scattering (DLS)
DLS is a  technique commonly used  for determ ining the average size 
an d  size distribution of biological sam ples (e.g. proteins, viruses, cells, 
liposomes). It provides a  rapid  and  reliable alternative to other 
m ethods used  for sizing vesicles, such  as freeze-fracture electron
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microscopy, gel filtration and  analytical centrifugation. Above all, it is 
a  non-destructive, non-perturbing m ethod and  th u s  ideally su ited  for 
the  in vitro study  of biological m aterials.
a) Theory
The basis of DLS m easurem ents is the  recording of the intensity  of 
light scattered  from dispersed suspensions of particles. If one observes 
a  sm all section of the  sam ple the  in tensity  of the scattered  light, / ,  is 
seen to fluctuate about a n  average, . It is these fluctuations in the
average intensity  of the  scattered  light w hich are of experim ental 
in terest and  which express the  Brownian motion of the suspended 
particles. They are m easured  by the photom ultiplier w hich in tu rn  
sends a  signal to the  correlator which records the fluctuations in a  
num ber of channels over a  given time interval and  calculates the 
norm alised intensity  or 2 nd  order autocorrelation function, g^ \^r) , 
which, using the notation of Georgalis e t al., 1987, is
This expresses the  correlation of the  light Intensity from two points hi 
tim e t and  (? + t )  separated  by the  delay time t . The angled brackets 
signify the  m ean.
In general the intensity assum es different values a t  the two tim es. 
W hen T is sm all com pared to the  tim es typifying the fluctuations, the 
values of /( r+ r)  will be very close to th a t  of I{t), Thus it can be said  
th a t the two values are correlated for these sm all time delays.
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Nevertheless, th is correlation is lost as  t , the delay time, becomes 
large com pared to the period of fluctuations.
The norm ahsed in tensity  autocorrelation function, g^ \^r) , is used to 
obtahi the  norm alised field or 1s t  order autocorrelation function, 
[see equation (2) an d  Figure 8 ] from the Siegert relation 
[equation 3)1 (Siegert, 1943):
n),   ^ {E*( t )xE( t  + t ))
g-^XT:)=l+k'XT)|^ (3)
This equation shows the  relationship between the  norm alised field 
autocorrelation function, and  the norm alised intensity
autocorrelation function, . The bracket 11 indicates the
m agnitude of the function. Norm alisation is carried o u t by dividing by 
the  m ean of the  square of the  field strength  a t time t , , for
and  by dividing by the square  of the  m ean of the  intensity  a t 
time t, {l(t)y, for g^^\r). E*(t) and  E*(t-h t )  denote the electric field a t 
time t and  (r + r )  respectively.
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Figure 8 : A typical first-order autocorrelation function from DLS 
m easurem ents.
The first-order or field autocorrelation functions from DLS 
m easurem ents (see Figure 8 ) give an  indication as to w hether larger 
particles are p resent in a  preparation or not, and, furtherm ore, can  be 
used  to check the reproducibility of a  vesicle preparation by comparing 
the curves of different vesicle preparations prepared under identical 
conditions.
In the  case of m onodisperse suspensions (particles of uniform  size) the 
first order autocorrelation function is directly related to the  decay 
rate, F , of the  correlation spectrum :
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=  (4)
r , In tu rn , is proportional to the  particle 's transla tional diffusion 
coefficient, D:
r  = (5)
where q , the  light scattering vector, is given by
n is the  refractive index of the  medium, A the wavelength of the 
incident light and  6 the scattering angle.
The particle 's hydrodynamic radius, R , can  be obtained from the 
S tokes-E instein relation:
where k is the Boltzm ann constan t, T the tem perature in degrees 
Kelvin and  r} the viscosity of the  m edium .
Hence, if one assum es th a t the vesicles are approxim ated by spherical 
particles it is possible to obtain  the hydrodynamic rad ius from DLS 
m easurem ents [see cum ulan ts m ethod in 2 ,3 .4 .2 b i)].
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However, the vesicles in a  suspension  are generally no t of uniform  
size. For such  polydisperse system s the first order autocorrelation 
function is given by
|g<‘>(T)|=Js(r)e-''*rfr (8)
0
where j"(r) denotes the norm alised distribution of decay rates,
b) Analysis of DLS experiments
i] The cumulants method
The cum ulan ts m ethod fits a  polynomial to the n a tu ra l logarithm  of 
the  experimentally determ ined norm alised first-order or field 
autocorrelation function [equation (9)].
ln |g^ '^ (T )| =  - ( r ) T  +  . ( 9 )
The first m om ent represents the  m ean decay rate (r). From th is  the  
m ean diffusion coefficient {D) can  be obtained using equation (5) and  
thus, from the Stokes-E lnstein relation shown in equation (7), the
m ean radius {R) of the vesicles. The second m om ent of the  polynomial
is the  width of the  size distribution.
This m ethod can be used  to provide a  preliminary analysis of the 
quality of a  vesicle preparation, in term s of its radius, firom short-tim e 
m easurem ents. One m u st be aware, however, th a t the second m om ent
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of the  fit, the width of the  size distribution, is very susceptible to 
noise (e.g. drift in the laser intensity  during a  m easurem ent), and 
therefore longer m easurem ents are required to negate the  effect of 
noise and  determ ine the  w idth of the  size distribution accurately.
ii) The CONTIN method
CONTIN is a  size d istribution algorithm  which involves the  inversion 
of integral equations. This m ethod is veiy involved and  the  interested 
reader is referred to the literature (Provencher et al., 1982 a,b). D ata 
evaluation with the algorithm  CONTIN was carried out by Dr. H orst 
Ruf using the extended version th a t allows one to consider 
norm alization errors (Ruf, 1989; Ruf et al., 1992).
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c) Instrumentation
The photon correlation spectrom eter used Is illustrated  in Figure 9. Its 
m ain u n its  are a  precision goniometer and  an  adjustable housing 
which supports the  scattering cell. P lanar m ulticoated windows in the 
observation cell and  a  beam  trap  a t the  zero degrees scattering angle 
are used for avoiding problem s arising from back-reflected radiation. 
The light source is a  He-Ne laser operating a t a  wavelength of 
632.8 nm  with an  approxim ate o u tpu t power of 15 mW.
He-Ne laser
cuvette is 
positioned here scattering angle 0
beam trapAT goniometer
photomultiplier
focussing
lens
collection optics; 
pinholes and lenses
water bath 
set at 20X Bi 2020 correlatorHP 1 0 0 0
F igure  9: A schem atic diagram  of a  photon correlation spectrom eter: 
AT, a ttenuator; M j and  adjustable  m ulti-coated m irrors (adapted
from Georgahs et al., 1987).
Therm ostatic control of seunples is achieved by circulating fluid 
around  the  m atching refractive index bath . The photomultiplier, 
which is m ounted on the  goniometer arm, is equipped with special 
collection optics. All o ther com ponents are optically adjustable  and
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bolted to a  300 kg granite table supported on styropore blocks in order 
to reduce vibrations. After amplification and  discrim ination, the 
ou tp u t signal of the photom ultiplier is fed to a  BI 2020 m ultibit 
correlator w ith 136 real-time, 8 delayed and  2 m onitor channels.
D ata acquisition is performed on-line with an  Intecolor 3600 m ini­
com puter. The raw spectra  are transferred and  stored in a  Hewlett 
Packard System  1000 m inicom puter with 1 megabyte memory 
{Georgalis e t al., 1987).
2.3.5. Spectrophotometrie titrations
2.3.5 . lo Theory
In spectrophotom etrie titra tions it is generally assum ed th a t a  linear 
relationship exists between the concentration, c , of an  absorbing 
species p resen t in dilute solution an d  the extinction, E, a t a  
particulEir wavelength, A . This relationship is expressed by the 
Lambert-Beer-Bouguer law:
Ej^^scl  ( 10 )
where I is the pathlength  in  cm  and  e  the m olar extinction coefficient 
of the absorbing species (cm^ m o l'l) .
In cases where several absorbing species are present the principle of 
additivity applies leading to the generalised Lambert-Beer-Bouguer 
law;
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( 11)
Several conditions m u st be m et for the  Lam bert-Beer-Bouguer law to 
apply:
1 . no concentration-dependent in teractions are perm itted among the 
absorbing species, e.g. dim érisation
2 . adequate m onochrom aticity m u st be assured  with respect to the 
incident radiation, i.e. the  slit w idth m u st be narrow  enough to 
ensure  th is
3. the  absorbing species m ust be p resent eis a  solution since the above 
law does no t apply to suspensions, sho rt wavelengths being scattered 
more strongly th an  long wavelengths from Rayleigh's law:
However, in the  resu lts displayed in th is thesis, it is show n th a t if the 
"absorbance" of the vesicles is treated  as an  apparen t absorbance (due 
to scattering of light by the  vesicle mem brane) and  corrected 
appropriately [see 2 .3.5.3 b)], the  above law applies.
Titration d a ta  are unaffected by the  kinetics associated w ith the 
estab lishm ent of equilibrium , since the  reactions involved are 
extremely rapid. Hence the  titration  process can  be conveniently 
treated  as a  series of changes of state, in the course of which the 
system  is always a t therm odynam ic and  chemical equilibrium. The 
corresponding therm odynam ic description proceeds from the law of
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m ass action (see Dawes, 1967). Thus for an  equilibrium  reaction in 
general
w A  + xB  ^  yC  + zD
where K is the therm odynam ic equilibrium  constan t (at constan t 
tem perature and  pressure), a is the  activity of the reactan t, and  w, x, 
y and  z are the stoichiom etric coefficients of the reactan ts.
In the case of a  single-step protolysis equilibrium  in highly dilute 
aqueous solution, for example
A H  +  H2O %  A - +  H3O+ (15)
where /  is the activity coefficient and  c is the  concentration of the
species shown. The activity of the  pure solvent H2O is here taken to
be unity. Assum ing the  dilution effect of the titran t is negligible or
can be com pensated for m athem atically, the to tal concentration of 
substra te , , is given by the law of m ass conseivation
= (17)
an d  rem ains unchanged th roughout the titration.
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Spectrophotom etrie titrations do no t provide m easurem ents of 
activities, b u t ra ther of the  concentrations of the  reactan ts. For th is 
reason the apparen t dissociation constant, , is commonly used
(18)A^H
In con trast to the therm odynam ic constant, the apparen t dissociation 
constan t is only approxim ately independent of concentration, even in 
very dilute solution.
2.3.5.2o Method
Titrations were carried o u t in either 1 cm or 2 m m  cuvettes depending 
on the concentration of the vesicles. The vesicles, prepared according 
to 3.2 a), 3.3 a) or 3.4 a), were either added successively to the methyl 
red solution w hilst mixing with a  micromotor-driven stirrer a ttached  
directly to the cuvette, or the  dye was added to the vesicles in the 
cuvette th u s  diluting them  w ith each addition (see relevant sections in 
C hapter 4 for the exact details of the  titration  protocol used  for a  
particu lar vesicle system).
Additions were m ade via Teflon tubing by m eans of a  motor-driven 
burette  (Hamilton, Microlab M 0.05 ml syringe) controlled by a  
program m able calculator (Hewlett Packard 9815). Spectra were 
recorded on a  Hewlett Packard 8450 spectrophotom eter which uses a  
diode array  for spectrophotom etrie detection and  allows a  complete 
spectrum  firom 200-800 nm  to be recorded w ithin one second. D ata
were transferee! to a  Hewlett Packard 1000 term inal using the 
programme ABSFI.
The tem perature in all titra tions w as m aintained a t  20°C and  the pH 
and  ionic strength  kept constan t. Solutions in the  cuvette were 
weighed both  a t the  beginning and  a t the end of the  titration  to 
enable the starting  volume an d  the dilution to be determ ined 
accurately. The Üpid concentration in the  cuvette a t the  end of the  
titration  was determ ined according to the m ethod of B artlett (1959). 
Thorough mixing of dye and  vesicles was ensured  by waiting about 
30 s before recording the spectrum . If it was necessary to move the 
cuvette during the  titration, for example for mixing purposes, a  
position w as established for the  cuvette where the offset Introduced 
was negligible or non-existent. If th is was no t possible the  offset was 
corrected after the titration before carrying out the d a ta  evaluation 
and  determ ination of the  association constant.
2 .3.5.3. Corrections
The corrections of the spectra  for offsets and  light scattering caused  by 
the vesicles (apparent absorbance of the  vesicles) were carried out 
according to procedures suggested by Dr. Horst Ruf.
a) Offsets
In all titrations the first correction which was som etim es carried out 
was the correction of offsets in  the spectra. In the case of titrations a t 
pH 5.4, which were carried o u t w ith 1 cm cuvettes, it w as not
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necessaiy  to move the cuvette during the titration (the u su a l source of 
offsets). Nevertheless, it w as necessary to remove the cuvette after 
recording the baseline with buffer in order to w ash it and  fill it w ith 
the dye solution. As a  resu lt the  cuvette position was occasionally 
som ew hat different and  an  offset occurred. This was later identified in 
the first spectrum , th a t of o-m ethyl red, and  either sub tracted  or 
added (depending on the  direction of the offset) to all spectra.
In the case of titrations with 2 mm cuvettes it was necessary to 
remove the cuvettes for mixing. This resu lted  in offsets in the  spectra. 
These are Illustrated by com paring the vesicle and  the  titration spectra  
with one another a t wavelengths above 570 nm  where one observes 
only the  "absorbance" of the vesicles and  not o-methyl red, which does 
not absorb in  th is region (see Figure 10). If no offsets are present, the 
two spectra  are identical in  th is  region. However, in these titrations it 
was often no t possible to avoid offsets in the spectra. As a  resu lt the 
two spectra  were no t identical and  it w as necessaiy  to transform  the 
vesicle spectrum  into the titration  spectrum  in the region above 
570 nm . This was performed by plotting the extinction of the vesicle 
spectrum  against th a t of the titration  spectrum  for wavelengths above 
570 nm  (see Figure 11), and  fitting a  stra igh t line to the  data . The 
equation of the  fit was then  u sed  to transform  the vesicle spectrum  
into the  titration  spectrum . This w as done for each  pair of spectra, if 
necessary, and  the resulting, transform ed vesicle spectra  again 
com pared w ith the  corresponding titration  spectra  in  the region above 
570 nm . The spectra  should  now be identical in th is region and  the 
vesicle spectrum  was sub trac ted  firom the titration  spectrum  using the 
programme TITMB as described in 2.3.5.3. It is im portant to point ou t
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th a t the offset introduced w ith each addition of vesicles w as no t the  
sam e, and  th u s  it was necessary  to check each pair of spectra  
(titration spectrum  and  vesicle spectrum ) separately.
0.6
•  vesicle spectmm 
titration spectrum0.55
0.5
V0.45
0.4
0.35
570 580 590 600 610 620 630 640 650 
wavelength (nm)
Figure 10: A plot of extinction versus wavelength for the  vesicle an d  
the  titration  spectrum  in the  region above 570 nm, where o-methyl red 
does no t absorb, showing the difference in the spectra  and  hence the 
presence of an  offset.
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Figure 11: A plot of the  extinction of the titration  spectrum  above 
570 nm  against the  extinction of the  corresponding vesicle spectrum  
in the  sam e wavelength region. The line show n is the  line of best fit 
between the  plotted d a ta  pairs. The equation show n w as used  to 
transform  the  vesicle spectrum  into the  titration  spectrum  in the 
region above 570 nm.
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b] Apparent absorbance of the vesicles
In all spectra  in the  titra tions it was necessaiy  to correct the  apparen t 
absorbance, due to light scattering, of the vesicles. Two m ethods were 
employed to th is  aim.
i) The first m ethod involved recording the  extinction of each spectrum  
of a  titration, obtained after the  addition of vesicles, a t 680 nm  (Ai). 
This wavelength was chosen because o-methyl red does no t absorb 
here. For correction purposes a  num ber of vesicle spectra  were 
recorded, i.e. vesicles only in buffer (see Figure 12). One of these was 
used  as a  s tandard  (usually the  spectrum  with the highest extinction) 
an d  the extinction a t 680 nm  recorded (Ag). Using the  factor F, where 
F = , a  vesicle spectrum  w as produced for each titration spectrum
(Ai), by multiplying the  s tandard  vesicle spectrum  by F, and  
sub tracted  to account for the  apparen t absorbance of the vesicles.
This m ethod was used  for lower lipid concentrations (up to 10 mM) 
and  is illustrated  in Figure 13.
ii) The second m ethod involved recording a  vesicle spectrum  for each 
addition of vesicles to o-methyl red  and  then  subtracting  th is from the 
corresponding titration spectrum  in order to correct the  apparen t 
absorbance of the vesicles. Thus a  "dummy" titration was carried out 
in which vesicles were added to buffer instead of to o-methyl red, b u t 
otherwise the procedure was identical to the titration (including the 
additions), and  each recorded spectrum  was subsequently  used  for 
correction. This m ethod w as used  for higher lipid concentrations 
(above 10 mM).
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Figure 12: The vesicle spectra  u sed  to correct a  titra tion  a t pH 5.4 
w ith SUVs according to m ethod i) in  2.3.5.3 b). The upper spectrum  
(300 addition) w as u sed  as the  s tandard  from which the spectra, for 
each addition of vesicles in the  titration, were derived a s  described in
the  text.
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Figure 13: Illustration of th e  m ethod used to correct the apparen t 
absorbemce of the  vesicles in titra tions a t lower lipid concentrations 
( u p  to 10 mM). A Titration spectrum  before correction. B Vesicle 
spectrum  produced by m ultiplication (see above) and  used  to correct 
the  apparen t absorbance of the  vesicles. C Titration spectrum  after 
correction.
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c] Dilution
Having corrected for the apparen t absorbance of the  vesicles the 
dilution resulting from each addition (whether dye or vesicles) w as 
accounted for by multiplying by the  factor D, given by
V^ + VD = (19)0^
Vo and  Vx are the starting  volume and  the volume of titrand  
respectively.
All corrections were m ade using the d a ta  m anipulation programme 
TITMB which allows one to su b trac t one spectrum  from another, add 
or subs trac t constan ts to spectra  (for example, in the case of offset 
spectra) and  multiply spectra  by a  certain  predeterm ined factor.
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2.3.5 .4 . Determination of the association constant from 
spectrophotometrie titrations
Two m ethods are used  for determ ining the  association constan ts  from 
spectrophotom etrie titra tions - a  double-reciprocal plot and  the  curve 
fitting programme K O D ll.
a )  Double-reciprocal plot
In th is  m ethod —^  ^ ^E-Er is plotted against — (illustrated in
Figure 14).
0.2
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i - x  10-" Pvf^]
0.8 0.9
^0 1Figure 14: A typical double-reciprocal plot of ■ versus — used 
for the  determ ination of the  association constan t from titration  data.
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At pH 5-6 it is clear from the titration  function
^ ^ —  + 1] [equation (60) in  Appendix I c)]E-E, Ae^[K^c, J 
th a t the  y-lntersect is given by —— and  the gradient by —— f-4 r  i •
c^ o is the  to tal o-methyl red  concentration* E the extinction after
addition of vesicles, Eq the  extinction before addition of vesicles,
the  phospholipid concentration and  the effective association
constan t for the  binding of the  o-m ethyl red zwitterion to vesicles, 
is the  change in the  effective extinction coefficient of o-methyl
red after addition of vesicles and  is given by Ae_ = , wherex/ff y/
is the effective extinction coefficient of m em brane-bound o-methyl 
red and  th a t of the free dye. y , and  y^  are defined as follows:
Y = ' ^ . 1
Y IT ^  Y h
Kj is the  association constan t for the binding of a  hydrogen ion to the 
free o-methyl red anion, Kjj the  association constan t for the binding 
of a  hydrogen ion to the  m em brane-bound o-methyl red anion, 
the  equilibrium  constemt for the diffusion of the o-m ethyl red  
zwitterion from the m em brane surface to the  m em brane interior and  
Cjj the hydrogen ion concentration.
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Thus is obtained as y -in te rsect/g rad ien t [see Appendix I c) for 
details of the derivation of the  titra tion  function a t  pH 5.4].
^0 1 Similarly a t pH > 9 plotted against — and  from the
reciprocal of the  titration  function
+1 i [equation (40) in Appendix I b)]E-Eo J
, the association constan t for the  binding of the  anion to vesicles, 
is obtahied a s  y -in tersect/g rad ien t where the y-intersect is given by 
1----- ------r and  the  gradient by -i   r [— ] [see Appendix I b) forK - - v )  K - - v ) l^ aJ
the  derivation of the titration  function a t pH 9.8]. is the 
extinction coefficient of the  m em brane bound anion and  th a t of 
the  free anion.
b) KODll
The programme K O D ll is u sed  for determ ining the association 
constan t, K, from a  1:1 complex form ation reaction such  a s  is 
depicted by the  following
K
I+M IM
where K is described by the law  of m ass action
(20)
58
(21)[/IM ]
I represents an  indicator, ligand, protein, etc, M usually  an  ion (in
th is case, however, M represents the  lipid vesicles), and  IM the
complex resulting from the reaction. Two conditions of th is m ethod
are th a t  one or both  of the species 1 and  IM absorb light or fluoresce,
b u t M neither absorbs light nor fluoresces. The m ethod is used  for
both  absorbance and  fluorescence spectrophotom etrie titrations and
fits the following titration  function to the  m easured extinction, E,
and  the  to ta l concentrations, after each addition of titrand , of I and  
M, and  , respectively.
E  =  — Cjo + + K j -  -4c^o< Ai» (22)
The param eters which are fitted are the  extinction coefficient of 
the complex IM, the  extinction coefficient of 1, an d  the 
dissociation constant. The resu lt, however, is given in term s of K, the 
association constan t. As a  steirting value for the  fit (see the example 
in Figure 15) it is necessaiy  to give an  estim ated value for K, e.g 1000
M"l. The starting  values for and  £, are calculated from E„ and  ,
E  Eand  Eq and  c^ o respectively using ^  and  = — ,where E„ is the
extinction after the  las t addition of titrand , Eq is the  extinction before 
the  addition of titrand , is the  to ta l concentration of 1 in  the  
cuvette a t the end of the  titration  an d  c^ o is the to ta l concentration of
1 in  the cuvette a t the beginning of the  titration, i.e before addition of 
titrand .
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Figure 15: Fitted titration  curve obtained from titra tion  d a ta  using 
the  program m e KOD11.
Using th is m ethod it is possible to fit all three param eters or ju s t  one 
or two. Im portant conditions of the  m ethod are th a t  c^ o and
® .Both of these conditions are m et w hen the  binding afiinity of
the  ligand, M, for the indicator, I, is low. Since th is  is the  case in the 
binding of fipid vesicles to o-m ethyl red, th is m ethod can  also be 
applied to th is  special case, even though each lipid vesicle does in fact 
bind several o-methyl red m olecules and  no t ju s t  one, as is the case in 
the  binding of a  m etal ion to a n  indicator, for example.
The reason for using both m ethods for determ ining K, where one
would have sufficed, was th a t  the  double reciprocal plot enables the
researcher to see immediately w hether a  linear relationship  between
^0 1— —— an d  — exists. This ought to be the case w ith accurateE-E, c,
titrations. However, one should , a t the sam e time be aware of the 
innate  disadvantages of the  double reciprocal m ethod. The double
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reciprocal plot by its very n a tu re  amplifies errors in the lower 
additions of vesicles more th a n  in  the  higher additions. The 
consequence of th is is th a t the  the  lower Upid concentrations, where 
the  extinction increase is correspondingly lower, are treated  differently 
to the higher Upid concentrations where the accuracy is higher since 
one is observing larger changes in  the extinction. Thus the errors in 
the  least accurate d a ta  points are multipUed more th an  in the m ost 
accurate  d a ta  points. The KOD 11 m ethod, on the o ther hand , trea ts 
all d a ta  points equally, and  is therefore generally accepted as being 
the more accurate of the  two m ethods. For th is reason the  values for 
K determ ined by the double reciprocal m ethod are always given in 
brackets in  the d a ta  tables.
Both the  d a ta  evaluation m ethods described were used  to obtain the 
effective association constan t (for the  binding of the o-methyl red 
zwitterion to vesicle m em branes), K% , from titra tions a t  pH 5.4. It 
w as then  necessaiy  to convert th is to the apparen t association
Fy 1constan t, , using  values for y ^  and  y were
calculated from y ^  and  y =  ^ + 1, where y ^  = —-— + 1.
%  , Kj and  are 6.6  x  10“2 M"l, 8.1 x  10^ M'^ and  1.2 x  10^ 
respectively (Ruf, 1974).
The program m es TITMB, ABSFI and  KOD 11 were w ritten and  
developed in the group by Mager, Ruf and  Stelzer.
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Chapter 3
Preparation and characterisation of vesicles
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Chapter 3
Preparation and characterisation o f vesicles
3.1. Introduction
For the  titrations described in C hapter 4 it was necessary to be able to 
prepare different sizes of vesicle which were unilam ellar and  
hom ogeneous in nature . To th is  aim three m ethods were employed
1. a  gel filtration m ethod for producing SUVs with a  diam eter in the 
range 20-30 nm  sim ilar to B runner et al., (1976).
2. an  extrusion technique for producing MUVs with a  diam eter in the 
range 100-120 nm  sim ilar to MacDonald et al., (1991).
3. a  dialysis procedure for producing LUVs with a  diam eter hi the 
range 180-220 nm  sim ilar to Mimms et al., (1981).
In addition a  detailed characterisation  of the vesicles was required 
before they were used  for titrations w ith o-methyl red. The technique 
of DLS was used  to m easure the average rad ius of the vesicles as well 
a s their size distribution. In order to be able to determ ine the 
association constan t and  hence the  binding of o-methyl red to 
vesicles, it w as necessaiy  to know the  lipid concentration. This was 
determ ined by the m ethod of B artlett (1959).
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3.2. SUVs
a) Preparation
SUVs were prepared as follows:
A solution of egg yolli lecithin in  m ethanol (20-40 m g/m l) w as placed 
in  a  weighed round-bottom  flask and  rotary evaporated under nitrogen 
a t abou t 30°C in a  vacuum . The rem aining traces of m ethanol were 
removed by evacuation h i a  desiccator under vacuum , produced using 
an  oil pum p and  a  cool trap , a t abou t 0.1 Torr for 1 hour. The weight 
of the  dried lipid fihn w as noted. It w as allowed to swell after addition 
of buffer (65 mM NaCl in 20 mM Pipes-NaOH, pH 7.2) for 1 hour a t 
room tem perature under nitrogen with gentle shaking. The 
phospholipid concentration w as m aintained in the  range 5-20 m g/m l 
(6.5-26 mM) and  determ ined by the m ethod of B artlett (1959).
After swelling, solid sodium  cholate w as added to the milky dispersion 
to give a  final concentration of a t least 30 mM, for the phospholipid 
concentration range 10-20 m g /m l (13-26 mM), and  produce a  molar 
ratio  of detergent to phospholipid of 2:1. Once the lecithin was fully 
dissolved, 2-3 ml sam ples of th is miceUar solution were applied to a  
Sephadex G-50 colum n (medium porosity, 25 x  1.5 cm), which had  
been equilibrated with the  buffer described above a t pH 7.2, a t 4°C. 
The colum n was then  ru n  a t  a  flow rate  of 20 m l/h  and  sa tu ra ted  with 
a  sam ple of the micellar solution in  order to ensure  th a t the  am ount 
of vesicles eluting from the  colum n rem ained constant. Finally, the 
lecithin vesicles were collected. The sodium  cholate w as observed a s  a  
distinct, separate peak (see elution profile in Figure 16).
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The SUVs were then  dialysed for 12 hours against either 30 mM 
sodium  citrate buffer, pH 5.4, (for titra tions a t pH 5.4) or 30 mM 
carbonate-bicarbonate buffer, pH 9.8, (for titra tions a t pH 9.8) a t 4°C 
to reduce the  cholate am oun t to negligible levels. After dialysis the 
vesicle p reparation  w as filtered w ith a  0.8  fim polycarbonate filter 
(Nuclepore) and  stored u n d er nitrogen a t 4°C in a  sealed bottle for not 
longer th a n  a  day.
0.8 — \
vesiclesO  0.6 §"cO 0.4
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Figure 16: Elution profile from the  colum n preparation  of SUVs.
A sam ple of the  SUVs w as th en  diluted 1:10 in the  sam e bufier for 
DLS m easurem ents to ascerta in  the  quality of the  preparation before 
carrying o u t titrations w ith o-m ethyl red.
10 DLS measurements of 3 mln duration at 20 °C (sEunple time 2 ^s,
9 X 107 sam ples) were carried out. The criteria u sed  for assessing the 
quality of the  vesicle p reparation  were the m ean hydrodynam ic rad ius
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determ ined by the  cum ulan ts m ethod [see 2 .3.4.2 b  i)] emd the first- 
order autocorrelation function (see Figure 17).
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Figure 17: First order autocorrelation function obtained from 10 
m easurem ents a t 20 °C with a  sam ple of SU Vs diluted 1:5 in 30 mM 
sodium  citrate buffer, pH 5.4. The m ean rad ius as determ ined by the 
cum ulan ts m ethod from the  10 m easurem ents was 14 nm.
In order to determ ine the  size d istribution of the vesicle preparation it 
was necessary  to m easure for a  longer period of time (at least 3 hours). 
Figure 18 shows the size distribution of the sam e prepeaation of SUVs 
obtained from 60 m easurem ents a t 20 °C (sample time 2 jus, 9 x  10^ 
sam ples, time per m easurem ent 3 mtn).
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Figure 18: M ass density d istribu tion  as  a  function of vesicle rad ius 
for the  SUV preparation in Figure 14. This size d istribution  was 
obtained from 60 m easurem ents a t  20 °C (sample time 2 jus, 9 x  10^ 
sam ples, tim e per m easurem ent 3 mtn).
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b) Characterisation
Before em barking on a  titration  series and  aU the checks and  
preparation hivolved, it is necessary to know the characteristics of the 
vesicles one is using. The two m ethods m entioned below were used  to 
th is aim.
i. Phosphate assay
In th is m ethod sam ples were added to 0.5 ml of 5 M H2SO4  and
digested for 3 hours a t 150-160“C. Two drops of 30% (w/v) phosphate- 
free H2O2 were then  added to all the  sam ples to complete the
com bustion and  left for a round  1.5 hours to decompose aU the 
peroxide. After th is stage the  sam ples should  be clear. If not, more 
peroxide was added, m aking su re  th a t equal am ounts were added to 
each tube.
After the digestion the  sam ples were allowed to cool to room 
tem perature for 15 m inutes and  then  4.4 ml of distilled w ater were 
added and  the solutions thoroughly mixed. 0.2 ml 5% (w/v) 
am m onium  molybdate and  0.2 m l Fiske Subba Row reagent were 
added an d  the  solutions again  thoroughly mixed. All tubes were 
heated  for 7 m inutes in  a  boiling w ater ba th  and  after cooling to room 
tem perature their extinction read  a t  830 nm.
The phosphate assay is crucial for the accurate determ ination of the 
binding constan ts in  the spectrophotom etric titrations because the 
phospholipid concentration h as a  strong influence on the  binding
68
constant. Sm all errors in th is  param eter are reflected in large 
fluctuations in the  association constan t. For example a  10 % error in 
the phospholipid (vesicle) concentration produces a  sim ilar error in 
the  association constan t.
In the  assay  with SUVs the  vesicles were diluted (1:10) with 30 mM 
sodium  citrate buffer, pH 5.4, to e Q I o w  their extinction to be read off 
the s tandard  curve. Three phosphate standards were ru n  in  parallel 
(0.04 , 0.08 and  0.12 ^mol) and  their extinctions subsequently  
com pared with those of the sam e stm idards from previous assays in 
order to check on the consistency of the assay. These standards were 
prepared from a  0.4 mM phosphate solution (100 ^1 gave 0.04 ^mol 
phosphate). The zero value (blank) was provided by the buffer above 
and  aU subsequent extinctions were corrected by subtracting  the 
extinction of the blank. All additions were weighed to enable the 
dilutions to be calculated accurately and  errors in pipetting to be 
corrected for. S tandards were ru n  in duplicate and  vesicle sam ples in 
triplicate. The am ounts in ^m oles of phosphate were read off the 
s tandard  curve and  the phosphate concentration calculated. Table 1 
gives a  sum m ary of the  resu lts from the phosphate assay  with a  
typical SUV preparation.
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Table 1: Sum m ary of resu lts from the phosphate assay  with a  typical 
SUV preparation.
phosphate stanc ards vesicles (diluted 1:20)
extinction at 830nm A/mol PI extinction 
at 830 nm jumol Pi Pi cone mMt
0.255 0.254 0.04 0.493 0.085 7.6
0.454 0.455 0.08 0.490 0.084 7.5
0.701 0.697 0.12 0.494 0.085 7.6
f concentration of vesicles in  the  cuvette a t the end of the  titration; 
m ean value used  for d a ta  evaluation.
All extinctions are blank-corrected.
DLS
10 m easurem ents of 3 m in duration  a t  20 (sample time 2 fis, 9 x  
10^ samples) were used  to provide a  check on the quality of the  SUVs 
before starting  a  titration. The criteria were the m ean hydrodynamic 
rad ius determ ined by the cum ulan ts m ethod [see 2.3.4.2 b i)] and  the 
first-order autocorrelation function.
By com paring first-order autocorrelation functions from different 
preparations of SUVs it w as also possible to get a  first Im pression of 
the n a tu re  of the vesicle sam ple, i.e. w hether larger particles were 
presen t or not. For example, two first-order autocorrelation functions 
are illustrated In Figure 19 which show a  sm all b u t nevertheless 
significant difference in their decay behaviour. The lower of the two 
curves is a  preparation of SUVs with a  m ean diam eter of 28 nm; the 
benchm ark used  for assessing  the  suitability of vesicles for use  in 
titrations. Thus these vesicles were used  for titrations. The upper
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curve comes from a  vesicle sam ple with a  m ean diam eter of 39 nm. 
These vesicles were deem ed unsu itab le  for use in titrations. Hence the 
sm all difference in the illustrated  decay curves represents a  difference 
of 14 % in the m ean diam eter of the  SUVs.
Thus analysis of DLS m easurem ents, using the cum ulan ts method, 
described in 2 .3.4.2 b i), and  the  size distributions, provided a  detailed 
characterization of the  vesicles.
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F igure  19; First-order autocorrelation functions of two preparations 
of SUVs showing the effect of the  diam eter of the vesicle preparation 
on the  exponential decay of the  autocorrelation function.
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3.3. MUVs
a) Preparation
A suspension  of egg lecithin was prepared as in 3.2 a) in  either 30 mM 
sodium  citrate buffer, pH 5.4, (for titrations a t pH 5.4) or 30 mM 
carbonate-bicarbonate buffer, pH 9.8, (for titrations a t pH 9.8) to a  
concentration of 10 m g/m L (13 mM), and  then  extruded 19 times 
through 2 polycarbonate m em branes (pore size 100 nm). After 
extrusion the vesicle preparation was degassed and  stored under 
nitrogen a t  4°C in a  sealed bottle for no t longer th a n  a  day.
Figure 20 shows the  size distribution obtained from DLS 
m easurem ents on MUVs.
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Figure 20; M ass density d istribu tion  as a  function of vesicle rad ius 
for a  sam ple of MUVs diluted 1:10 in  30 mM sodium  citrate buffer, 
pH 5.4. This size d istribution  w as obtained from 60 m easurem ents a t 
20 °C (sample time 9 jus, 2 x  10^ sam ples, time per m easurem ent 
abou t 3 min).
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b) Characterisation
i. Phosphate assay
The phosphate assay  w as carried ou t as in 3.2. b) i) using the sam e 
phosphate standeirds (0.04, 0.08 and  0.12 ^mol). The vesicles were 
diluted (1:20) with 30 mM sodium  citrate buffer, pH 5.4. due to the 
higher lipid concentration. Three sam ples of the 1:20 diluted vesicle 
solution with different volum es were used  in the assay  in order to 
check the consistency between sam ples containing different am ounts 
of phosphate. Table 2 gives a  sum m aiy  of the resu lts from the 
phosphate assay  for a  typical MUV preparation.
Table 2; Sum m ary of resu lts from the phosphate assay  for a  typical 
MUV preparation.
phosphate standards vesicles (diluted 1:20)
extinction at 
830nm
ji/mol Pi extinction 
at 830 nm
jL/mol Pi Pi conc. mM*
0.233 0.234 0.04 0.348Î 0.060Î 6.0
0.466 0.470 0.08 0.541 T 0.091 Î 5.8
0.697 0.699 0.12 0.71 Ot 0.121T 5.9
* concentrations of vesicles in the cuvette a t the end of the  titration; 
m ean value used  for d a ta  evaluation.
t  these vesicle sam ples h ad  volumes of 200, 300 and  400 ^1 
respectively.
AU extinctions are blank-corrected.
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iio DLS
10 m easu rem ents of approxim ately 3 m in duration  a t 20 °C (sample 
time 9 fis, 2 x  10^  ^saimples) were used  to provide a  check on the 
quahiy  of the MUVs before starting  a  titration. The criteria, as before, 
were the m ean hydrodynamic rad ius determ ined by the cum ulants 
m ethod [see 2 .3 .4 .2 h i)] and  the  first-order autocorrelation function 
show n in Figure 21. The latter was used  to give an  indication of the 
presence of larger particles.
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Figure  21: First-order autocorrelation function of a  preparation of 
MUVs used  for titrations.
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3.4. LUVs
a) Preparation
LUVs were prepared as follows:
A dispersion of egg yolk lecithin in 30 mM sodium  citrate buffer, pH
5.4, w as prepared as in 3.2 a) to a  concentration of 10 m g/m l (13 mM) 
and  then  solid octyl glucoside w as added to the milky dispersion 
which cleared immediately. The m olar ratio of detergent to lipid was 
10:1. The lipid-detergent suspension  w as then  dialysed against 1 L of 
the sam e buffer a t 4°C for 2 days. The buffer, p resatu rated  with 
nitrogen, was changed every 12 hours. After dialysis the  vesicle 
preparation w as filtered w ith a  0.8 polycarbonate filter (Nuclepore) 
and  stored under nitrogen a t 4“C in a  sealed bottle for no t longer th an  
a  day.
Figure 22 shows the  queility of the  LUV preparations in term s of their 
size distribution.
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Figure 22: M ass density d istribution  as a  function of vesicle rad ius 
for a  sam ple of LUVs diluted 1:10 in 30 mM sodium  citrate buffer, 
pH 5.4. This size distribution w as obtained from 60 m easurem ents a t 
20 °C (sample time 10 jus, 2 x  10^ sam ples, time per m easurem ent 
abou t 3 min).
b) Characterisation
i. Phosphate assay
The phosphate assay w as carried ou t as  in 3.2. b) i). The LUVs were 
diluted (1:20) in 30 mM sodium  citrate buffer, pH 5.4. Table 3 gives a  
sum m ary of the resu lts for a  typical LUV preparation.
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Table 3: Sum m aiy  of resu lts from the phosphate assay  for a  typical 
LUV preparation.
phosphate stand ards vesicles (diluted 1:20)
extinction at 830nm jL/mol Pi extinction 
at 830 nm
jL/mol Pi Pi conc mMt
0.254 0.252 0.04 0 .334 0.057 11.2
0 .474 0.464 0.08 0.331 0.056 11.0
0.693 0.693 0.12 0.333 0.057 11.2
Î concentration of vesicles in the  stock solution; m ean value used  for 
d a ta  evaluation.
All extinctions are blank-corrected,
ii. DLS
10 m easurem ents of approxim ately 3 m in duration a t 20 (sample 
time 10 JUS, 2 x 10 *^ samples) were used  to provide a  check on the 
quahty  of the  LUVs before starting  a  titration. The first-order 
autocorrelation function is show n in Figure 23.
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F igu re  23 : First-order autocorrelation function of a  preparation of 
LUVs used  for titrations.
3.5. Extraction of egg yolk lecithin
Egg yolk lecithin for all vesicle preparations was isolated and  purified 
from fresh egg yolks. The m ethod used  for the extraction of egg 
phospholipids is described below.
Fresh egg yolks were separated  from the egg white and  blended 
thoroughly with 200 mL cold acetone in a  blender (in portions of six) 
a t  25°C. Each egg yielded typically around  20 g of egg yolk. The 
resulting m ixture was allowed to stand  for one hour a t 4°C to
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precipitate the egg yolk lecithin and  other phospholipids. The acetone 
w as then  draw n off by w ater asp iration  and  the solids w ashed three 
tim es with 250 mL cold acetone. The acetone extract, which contained 
m ost of the neu tra l fat (e.g. cholesterol) and  pigment, w as discarded. 
The sedim ent, which still h ad  a  strong orange colour, was stirred in 
abou t 1.5 L cold 95% (v/v) e thanol for 20 m inutes and  allowed to 
s tan d  for one hour a t 4®C. The m ixture was then  draw n off with an  
aspiratory pum p and  the extraction repeated with 500 ml cold 95% 
(v/v) ethanol. The undissolved sedim ent was discarded an d  the 
combined ethanol extracts ro tary  evaporated.
The crude phosphatides were th en  dissolved in 500 mL petroleum  
ether, and  the  volume reduced to 200 mL by rotary evaporation. The 
extract, cooled to room tem perature, w as then  added dropwlse to 1.5 L 
acetone, stirred for 10 m inutes, allowed to stand  for 2 hours a t  4°C 
under nitrogen un til the  su p e rn a ta n t cleared (still a  strong orange 
colour a t th is stage) and  rotary  evaporated. The acetone phase was 
decanted and  the precipitated phospholipids w ashed w ith cold 
acetone. The solid w as now a  brighter yellow colour. The petroleum  
ether (200 mL)-acetone step  was repeated and  the sedim ent allowed to 
s tan d  for 2 days in 1 L acetone a t  4°C. After th is time the su p ern a tan t 
was decanted and  the sedim ent dissolved in  dichlorom ethane to 
remove acetone and  rotary evaporated. The yield of extracted crude 
phosphatides w as ca. 10%.
The colum n chrom atographic fractionation of the extracted crude 
phosphatides was carried ou t on a  colum n which m easured 5 cm inner 
diam eter by 55 cm in length and  w as equipped with a  stopcock and  a
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perforated porcelain disc for support of the alum ina adsorbent. A layer 
of glass wool was placed over the  porcelain disc and  Celite filter aid 
added to a  depth  of ca. 5 m m  to prevent elution of fine alum ina 
particles. Alum ina was slurried  w ith dichlorom ethane (9% w/v) and  
the slu riy  added to the  colum n as one portion. The solvent flow was 
immediately adjusted to 10 m L /m in and an  additional 300 mL 
dichlorom ethane added to w ash  the alum ina. The phospholipids were 
dissolved in dichlorom ethane (5%w/v), applied to the  colum n (the 
ratio of phospholipids to a lum ina w as approxim ately 1:2 0 ) and  
w ashed onto the alum ina w ith an  additional 500 mL 
dichlorom ethane. This was allowed to flow through the  colum n un til 
the  solvent level w as w ithin ca. 1 cm of the  surface of the  alum hia 
and  then  the colum n w as w ashed with ca. IL dichloromethane: 
m ethanol ::95:5 in order to elute the egg yolk lecithin. 50 mL fractions 
were collected under nitrogen.
The progress of the separation was followed by th in  layer 
chrom atography (see 3.6.) with iodine vapour as detecting agent. 
S ubsequent exclusion chrom atography of the pu res t fractions on a  
Sephadex LH20 colum n [dimensions 50 x  2.5 cm, flow rate  ca.
18 m L /h, 0.5 m g/m L egg lecithin in methanol] with a  m ethanol 
mobile phase was used  to remove any residual a lum ina from the ALOX 
chromatography.
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3.6. Thin-layer chromatography of egg lecithin
Thin-layer chrom atography of egg lecithin was carried ou t using the 
solvent system  chloroform /m ethanol/w ater (65:25:4) on pre-coated 
silica gel 60F-254 TLC plates (Merck) using iodine vapour as detecting 
agent. Figure 24 shows the pa ttern  of the  fractions collected from the 
ALOX chrom atography described in 2.3.1. Fractions 8-10 were the 
purest.
Figure 24: Schem atic representation  of the TLC of fractions of egg 
phospholipids eluted from a  colum n of alum ina w ith dichlorom ethane 
(fractions 1-8) and  dichlorom ethane:m ethanol ::95:5 (fractions 9-12). 
Fractions 5-7 - egg lecithin, lysolecithin, free fatty acids; 8-10 - pure 
egg lecithin.
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3.7. Discussion
3.7.1. Vesicle preparations 
a) SUVs
After initial problem s w ith the vesicle preparations, such  as the 
presence of larger com ponents and  broad size distributions, more 
hom ogeneous preparations were obtained as typified by Figure 18.
Possible reasons for the  earlier heterogeneity of vesicle preparations 
are incomplete solubilisation of lecithin with sodium  cholate and  an  
insufficient am ount of detergent. It is essential to ensure  th a t  the 
hpid is completely dissolved in the detergent solution before applying 
the mixed micelles to the gel filtration colum n otherwise undissolved 
lipid can  act as a  nucleus for aggregation. A m eans of testing th is is to 
subject the  sam ple to low-speed centrifugation (minimum speed 
3000 g) for ten  m inutes. If a  pellet is obtained, undissolved lipid is 
p resen t in the solution.
In initial experim ents the  lip id /detergent ratio used  by B runner et al., 
(1976) was strictly adhered to [for the  lecithin concentration range 
13-26 mM a  sodium  cholate concentration of 13 m g/m l (30 mM) was 
used]. In later preparations, however, a  lipid/ detergent ratio  of 1:2 was 
found more suitable for all concentrations of lecithin. B runner et al., 
(1976) showed th a t if a  sodium  cholate concentration of a t  least
84
30 mM was used  to dissolve the  lipid, unilameUar vesicles were 
obtained. Since th is was always the  case in all the  SUV preparations 
here it can  be safely assum ed th a t the vesicles were unilam ellar.
An essential condition of the  B runner m ethod of preparing vesicles is 
the  equilibration of the gel filtration colum n with buffer a t pH 7.2, 
since the  detergent precipitates a t lower pH values. Thus for titrations 
a t pH 5.4 and  pH 9.8 i t  was necessaiy  to transfer the  vesicles to 
ano ther buffer.
MUVs
In con trast to the o ther two vesicle preparation m ethods, the  m ethod 
of M acdonald et al., (1991) is quick an d  requires no detergent. In 
addition the vesicles were found to be stable a t  bo th  pH 5.4 and  9.8 
and  the diam eter w as consistently in  the range 100-120 nm . The 
m ethod produced unilam ellar vesicles which rem ained stable eifter 
ultrafiltration, i.e a t higher concentrations, if a t least 19 passes were 
used  for the  extrusion as  described by M acdonald et al., (1991).
LUVs
As with the  SUVs the  initial vesicle preparations showed a  tendency 
towards ra th e r heterogeneous populations with a  broad size 
distribution. In later experim ents the  vesicles were m uch more 
hom ogeneous in character and  the size distribution narrower. This 
was probably due to cleaner worldng conditions, where Hpid oxidation
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w as kept to a  m inim um , after more experience w ith the handlhig of 
egg lecithin had  been obtained.
There are num erous im portan t points in the preparation of vesicles 
each one of which could lead to the  earlier resu lts obtained and  th u s  
need to be system atically elim inated during a  preparation.
1. The detergent/lip id  ratios used  by Mimms et al., (1981) and  
B runner et al., (1976) respectively should  be adhered to, i.e. 10:1 and  
2 :1.
2. The quality of the lecithin stock  solution should  be regularly 
checked by TLC for degradation products. Flocculation should be 
avoided and  the solution shou ld  be completely clear; yellowing is a  
su re  sign of lipid oxidation.
3. Lipid oxidation can  eilso be m inim ised by working a t all tim es under 
a  nitrogen atm osphere an d  storing preparations in  sealed bottles a t 
4°C under nitrogen.
4. It is im portant to remove residual detergent. For th is reason the 
large vesicles are produced after a t least 3 days dialysis an d  rem aining 
cholate is removed from preparations of sm all vesicles by dialysis in 
addition to the colum n separation. Failure to do so can  resu lt in 
fusion and  breakdown products.
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5. Complete solubilisation, i.e. a  clear micellar solution is imperative 
before detergent removal can proceed. Otherwise leirger com ponents 
m ay be observed in the  size distribution.
3.7.2. Characterisation of vesicles
For the titrations it is necessaiy  to know the quality of the  vesicle 
preparation in term s of their size distribution, i.e homogeneity, the 
size (indicated by the  m ean radius) and  also the concentration of the 
vesicles.
I) Phosphate assay
After a  num ber of unsuccessfu l initial attem pts, it w as later possible 
to obtain  a  coefficient of variation of abou t 4 % for the  phospholipid 
concentration m easured from one preparation.
Initially a  num ber of problem s occurred w ith the phosphate assay. 
Failure to obtain a  s tandard  curve w as probably due to insufficient 
mixing of solutions. Another comm on error was overpronounced 
colour development. This can  probably be p u t down to contam ination 
of the  tubes w ith o ther phosphate-containing substances, e.g. 
common household detergents, indicating the extreme sensitivify of 
the  assay. It is th u s  very im portant to w ash tubes thoroughly with 
phosphate-free substances. A nother source of phosphate is the 
hydrogen peroxide solution used  to decompose hydrocarbon moieties.
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The course of the assay  can be followed by a  num ber of checks.
1. After addition of a  few drops of hydrogen peroxide the  solution 
should  be clear.
2. Since only free phosphate  will react w ith am m onium  molybdate 
under acidic conditions to give a  weak yellow colour (X = 312 nm), due 
to the  formation of a  phosphom olybdate complex, th is is a  good check 
for the  completion of the  acid cleavage.
3. A nother control is the presence of a  colourless solution after 
addition of reducing agent (Fiske S ubba  Row reagent). The latter is 
photosensitive and  should always be prepared fresh and  stored in a  
dark  bottle.
Once it h a s  been established th a t the  colour reaction works and  a  
s tan d ard  curve is obtained, it is ju s t  a  question of optim ising the  
assay  in  term s of accuracy and  consistency. Below are a  num ber of 
points which help to achieve th is aim.
1. It is of param ount im portance to calibrate the pipettes to be used  to 
ensure  a  m argin of error of m aximally 1% for all additions and  
dilutions.
2. All sam ples (both tests an d  standards) should  be ru n  in duplicate, 
if no t triplicate, to check the  consistency of the assay.
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3. Tests should  be diluted to give extinction values within the optim al 
range according to the Lam bert-Beer-Bouguer law, I.e. 0.2-0.9 ideally.
4. The accuracy of the  assay  should  be such  th a t standard  curves are 
comparable, i.e. the  gradients similar. Points should  lie on a  stra igh t 
line and  extinction values of stan d ard s should  be highly reproducible 
so th a t it is no t necessary to ru n  the  whole series of s tan d ard s for 
each assay, b u t only one or two token representatives as a  control.
ii) Dynamic light scattering (DLS)
DLS m easurem ents were used  to provide a  detailed characterisation of 
the vesicles. The cum ulan ts method, described in 2.3.4.2 b i), 
determ ined the average rad ius and  w as used  to check the stability of a  
vesicle preparation. The CONTIN size algorithm  (Provencher, 1982 a,b), 
described briefly in 2 .3 .4 .2 b ii), gave information on the size 
distribution of the vesicles.
Analysis of m easurem ents of around  4 hours provided an  accurate 
picture of the  size distribution, and  the stability of the vesicles w as 
m onitored by determ ining the average rad ius from ten  m easurem ents 
of, for example, 2 x  10^ sam ples. The latter was used  as a  criterion for 
m onitoring the  stability of the  vesicles from one preparation step to 
the  next (e.g. before and  after ultrafiltration), as well a s  from one day 
to the  next, particularly if the vesicles were no t titrated  on the sam e 
day as their preparation. DLS th u s  provided a  rapid and  sensitive 
m ethod for characterising the  vesicle system s used in the 
spectrophotom etric titrations.
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For all m easurem ents it w as essential to remove any d u s t and  air 
bubbles from sam ples by filtering and  degassing respectively.
Additional light scattering m ay resu lt if these precautions are not 
talien  leading to size d istributions indicative of larger particles (in th is 
case d u s t or air bubbles, however, an d  no t lipid vesicles).
A sufficient num ber of sam ples were chosen to optimise accuracy, e.g. 
2 x 10^ for the  larger vesicles, and  a  time window selected, by 
adjusting  the  sam ple time, to enable the  relevant section of the 
autocorrelation function to be viewed. The photon pulse frequency was 
adjusted  to 50-60 kHz, by diluting the  sam ple appropriately, in order 
to reduce the effect of the  background on the m easurem ents. However, 
it should  be teilten into account th a t the  correlator canno t count more 
them 16 counts per sam ple time. Thus overflows were recorded if d u st 
w as p resen t or the  scattering totensity  w as too high. By plotting the 
counts from a  m easurem ent an  indication of the laser drift and  hence 
the qualify of the laser w as also obtained.
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Chapter 4 
Titrations with o-Methyl Red
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Chapter 4
Titrations with o-Methyl Red 
4.1. Introduction 
The pH indicator o-m ethyl red 
4.1.1. Protolytic forms and spectral properties
The azo dye o-methyl red (o-dimethylanünophenylazo benzoic acid) is 
a  pH indicator which exists in th ree  protolytic forms in  aqueous 
solution between pH 2 and  11. The concentration of the  cation can be 
neglected in the pH range studied  in th is d issertation (5.4-9.8 ). The 
two forms which are of in terest here are the  anion (A~) and  the  
zwitterion (AH-) (see Figure 25 below).
Spectrophotom etry distinguishes between A H -, the  zwitterion, which 
h as an  absorption m axim um  a t a round  520 nm, and  A", the  yellow 
anion. The absorption m axim um  of the  anion occurs a t 430 nm  and  
the  binding of a  proton is associated w ith a  red shift (see Figure 26).
COG- COO"
(A-) (AH*)
F igure  25 ; Anionic (A") and  zwitterionic (AH-) forms of o-methyl red.
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Figure 26: Absorption spectra  of the  protolytic forms of o-m ethyl red 
in water. A" (pH>7) and  AH* (from Ruf, 1974).
4.1 .2 . Changes in the spectral properties in the presence 
of egg lecithin  vesicles
On addition of vesicles to a  so lu tion  of o-methyl red  a  pH -dependent 
change in the  spectral characteristics of the dye is observed (R u f, 
1974). Furtherm ore, the  fact th a t the  observed shift in the  dye 
spectrum  occurs a t  only relatively high lipid concentrations (10"2 m) 
a t pH 9.8, where only the  anion  is p resent in m easurable am ounts, as 
com pared to the  m uch lower concentration (10-4  M) a t  pH 5.4, 
indicates th a t  the binding of the  anion  to the  vesicles is considerably 
weaker. This w as confirmed by the  association con stan ts  obtained by 
Ruf and  Georgalis (1984) (2 x  10^ M"1 for the zwitterion and  31 M 'l 
for the  anion).
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4.1.3. Model to describe the binding of o-methyl red to 
egg lecithin vesicles (Ruf, 1974)
For the purposes of titrations above pH 5 it is necessary to consider 
only the  zwitterion and  the anion  (see 4.1.2.). At pH 5-6, for example, 
both forms are present In m easurable am ounts an d  th u s  the resu lt is 
a  mixed spectrum , w hereas in  the  titrations above pH 9 one is 
effectively looking a t the anion only (pKi = 2.4 and  pKg = 4.9). The 
schem atic in Figure 27 can be used  to describe the  binding of the  two 
forms to the m em brane of egg lecithin vesicles.
In addition to the  two protolytic forms of o-methyl red in aqueous 
solution, A“ and  AH, the  schem atic also contains the corresponding 
m em brane-bound forms (A"® and  AH®) and  the  form A H \ which is 
located in the hydrophobic m em brane interior. Hence the diffusion of 
o-methyl red into the m em brane interior is characterised by a  further 
reaction step. Here it is assum ed  th a t only the zwitterionic form of o- 
m ethyl red (AH )^ is p resen t in spectrophotom etrically detectable 
am ounts in the hydrophobic interior of the  m em brane. However, since 
its transfer from the surface into the  hydrophobic interior is a  simple 
partition equilibrium, the  fractions of molecules in these  two sta tes 
are constant, and  they can  th u s  be represented by one m em brane- 
bound species AH^*, the  su m  of AH® and AH^ (Ruf, 1974).
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Membrane
AH
Kl
A‘ + H
KAH
K,
polar surface hydrophobic
region membrane interior
AH"
KH
A^ + H'
Kah
AH*
F igure  27s Schem atic for the  binding of o-methyl red to egg lecithin 
m em branes. AH o-methyl red zwitterion in aqueous phase; AH® o- 
m ethyl red zwitterion bound to m em brane surface; A" o-methyl red 
anion in aqueous phase; A"® o-methyl red anion bound to m em brane 
surface; AH^ o-methyl red zwitterion situated  in the  hydrophobic 
region of the m em brane (from Ruf, 1974).
The aim  of the  titra tions with o-methyl red was to investigate the 
binding of the  zwitterionic an d  anionic forms of the chrom ophore o- 
m ethyl red to well-characterized, model m em brane system s with 
different degrees of curvature and  th u s  extend the  initial findings of 
Ruf and  Georgalis (1984) w ith th is  dye. Furtherm ore, th is work should  
provide a  system atic exam ination of the  binding of small, charged and  
non-charged molecules to m em branes with variously orientated 
phospholipid head groups.
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4.2. Titrations at pH 5.4
For the titrations it w as im portan t to m ain tain  constan t ionic 
streng th  so th a t the apparen t association constan ts could be 
com pared under identical conditions. The suspension  of vesicles in 
buffer was treated  as a  neu tra l entity which had  no influence on the 
ionic streng th  of the  dye solution.
The ionic strength  of the vesicle suspension  was set a t 0.165 M and  
calculated as follows:
30 mM citrate ion I = 0.08 M [see Appendix II a) for full calculation]
50 mM NaCl I = 0.05 M 
70 mM Na+ I = 0.035 M 
total = 0.165 M
For titrations a t pH 5.4 it w as necessary  to transfer the  SU Vs to 
30 mM disodium  citrate buffer which was prepared as follows:
300 mL 0.1 M disodium  citrate were added to 50 mL IM NaCl, the 
solution w as m ade up  to a  litre an d  the pH adjusted  to 5.4 with 10 mL 
IM NaOH.
The 0.1 M disodium  citrate solution was prepared as follows:
200 mL IM NaOH were added to 21 g citrate* 1 H2O which was 
dissolved and  m ade up  to a  litre.
The MUVs and  LUVs were prepared directly in 30 mM disodium  citrate 
buffer a t pH 5.4.
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The reason for the difference in the  preparation of SUVs, MUVs and 
LUVs for titration, is th a t the  colum n preparation of SUVs by the 
B runner m ethod (1976) is pH-sensitive and  h as to be carried o u t a t 
pH 7.2, w hereas the  MUVs and  LUVs can be prepared in the  sam e 
buffer a s  th a t in which the  titration  is later carried out.
The o-methyl red solution for titra tions was prepared in 30 mM 
disodium  citrate buffer a t pH 5.4 and  I = 0.165 M as follows:
0.5 mL 5 X 10"4 m o-methyl red in 90 mM NaOH w as added to 1.2 mL 
0.1 M NaOH and  1 mL 1 M NaCl, then  6 mL 0.1 M disodium  citrate 
were added slowly stirring aU the  time and  m aking su re  th a t the  pH 
rem ained above 5.4 to prevent precipitation of the  o-methyl red 
zwitterion AH (solubility approxim ately 1 x 1 0 " ^  M). The solution was 
m ade up  to 20 mL and  the  pH se t a t 5.4 using 0.1 M NaOH and  the 
ionic strength  a t 0.165 M as above.
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4,2.1. Titrations with SUVs
Spectrophotom etric titrations were carried ou t with o-methyl red and  
SUVs (diameter between 20 and  30 nm), prepared as in 3,2. a), in 1 cm 
cuvettes a t 20°C and  constan t ionic streng th  (I = 0.165 M).
Figure 28 shows the  spectra  obtained from a  typical titration with 
SUVs. The titration was carried ou t by adding the  vesicles in 30 mM 
sodium  citrate buffer, pH 5.4, to a  1 cm cuvette containing 2 mL of o- 
m ethyl red (1.4 x 10"^ M) in the  sam e buffer using a  motor-driven 
burette  as described in 2.3.5.2. After each addition of vesicles a  
spectrum  w as recorded and  the  extinction da ta  transferred  to a  HP 
1000 com puter. The titration  protocol was such  th a t the  initial 
additions of vesicles were 40 /^L. These were increased to 100 ^1 and  
200  ^1 as  the extinction changes became sm aller due to the  hyperbolic 
n a tu re  of the  titration curve. The final phospholipid concentration in 
the  cuvette in the titration  illustra ted  in Figure 28 w as 7.6 mM.
Figure 29 show s the vesicle spectra  used  to correct the  apparen t 
"absorbance", due to light scattering, of the  vesicles, in the  sam e way 
as described in  m ethod i) in 2 .3.5.3. b). In th is particu lar titration the 
upper spectrum  (the 300 ^L addition of vesicles) was used  as  the 
s tandard  vesicle spectrum  from which all other vesicle spectra  were 
then  derived. These spectra  were obtained by adding vesicles in 30 mM 
sodium  citrate buffer, pH 5.4, to a  1 cm  cuvette containing 2 mL of 
the sam e buffer and  were used  as a  fingerprint of the  vesicle 
preparation for com parison w ith other SUV preparations produced 
under identical conditions.
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Figure 30 shows the  corrected spectra  from the titration  in Figure 28. 
These spectra  were produced by correcting firstly any offsets in either 
the  vesicle spectra  or the  o-methyl red spectrum , secondly the 
apparen t "absorbance" of the vesicles and  finally the dilution due to 
addition of o-methyl red. All corrections were carried o u t using the 
d a ta  m anipulation program m e TITMB described in  2.3.5.3,
The difference spectra  illustrated  in Figure 31 are effectively an  
enlargem ent of the extinction changes in Figure 30 for d a ta  evaluation 
purposes. As the nam e suggests, these spectra show the difference in 
extinction between the o-methyl red spectrum , used  here as the 
baseUne an d  th u s  se t a t  zero, and  the  spectra  resulting from the 
addition of vesicles. Hence they  are a  useful visual tool for identifying 
isosbestic points in the  spectra  an d  highlight, in  addition, the 
extinction changes due to addition of the  vesicles. They enable the 
researcher to locate, a t a  glance, the wavelength where the  m axim um  
change in exthiction h as occurred and  th u s  th a t m ost suitable for 
determ ining the  association constant. They are essential for the d a ta  
analysis. In the titration illustrated in Figure 28, 508 nm  was chosen 
as the wavelength for d a ta  evaluation.
Figures 32 and  33 show the two d a ta  evaluation m ethods used  for
determ ining the association constant; the  double reciprocal plot of
^0 1versus — and  the  fitted curve obtained with the  K O D llE —  Eq c  ,
programme from the sam e titration. For reasons given in 2.3.5.4., 
both m ethods were used  for determ ining the  association constan t,
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although the double reciprocal plot is the less accurate  of the two 
m ethods.
Table 4 gives a  sum m ary of the  association constan ts obtained from 
titrations with SUVs using the K O D ll da ta  evaluation m ethod.
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a methyl md alone (1.4x 10-5
b-f 40/JladdtionsofSUVsg -m 100 pi additions of SUVs
n-p 200pi addition cf SUVs (76 x 10"3 M)
1.0
0.8
0.6
0.4
0.2
350 TOO 750 800300 400 450 500
Wavelength [nm]
550 600
Figure 28; Spectra  obtained from a  titration  w ith o-m ethyl red and  
SUVs In 30 mM sodium  citrate  buffer, pH 5.4, In 1 cm  cuvettes a t 
20°C and  constan t Ionic strength( I = 0,165 M).
vesicles 
a 100 pi (8 .9x10*^  
b 200 pi (1.7X10-3M) 
c 300 pi (2.4 X10-%)
0.4
0.3
02
0.1
500300 350 400 550 600450
Wavelength [nm]
Figure .29: The vesicle spectra  u sed  to correct the  titration  a t pH 5.4 
w ith SUVs show n In Figure 28.
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a methyl red alone (1.4 x 10‘® M)
M  40 /ul additions of SUVs
g-m 100 p) additions of SUVs
n-p 200 /Ji addition of SUVs (7.6 x 10 "^  M)0.5
0.4
‘■ «0.3
LU 0-2
0.1
350 450400 560 GOO 650500
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Figure 30: Corrected spectra  from the titration  a t pH 5.4 with SUVs 
show n in Figure 28.
a-e 40 pi additions of SUVs f4 100 pi additions of SUVs
m-o 200 pi additions of SUVs (7.6 x 10"^  M)
Lü 0.20
<D -0.1
600
Wavelength [nm]
Figure 31: Difference spectra  from the titration  a t pH 5.4 w ith SUVs 
show n in Figure 28.
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Figure 32; Double-reciprocal plot of — —— versus — from the 
titration  w ith SUVs a t pH 5.4 show n in Figure 28.
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Figure 33: Fitted titra tion  curve obtained using the  d a ta  evaluation 
m ethod K O D ll from the titra tion  w ith SUVs show n in Figure 28.
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Table 4: Sum m aiy  of the  association constants, , for the  binding 
of the  o-methyl red zwitterion to SUVs a t pH 5.4 determ ined using the  
d a ta  evaluation programme K O D ll from a  series of four titrations. 
The values from the double reciprocal plot m ethod are given in 
brackets, represents the  final phospholipid concentration a t the 
end of the titration. The diam eter of the  vesicles is also given.
= 6.4 mM 
diam eter = 
28 nm
(x 10^ M 'l)
1.6 (1 .6 )
1.6 (1 .6 )
1.7 (1.7)
1.7 (1.7)
meein 1.7
standard
deviation
0.03
coefficient of 
variation{%)
1.8
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4.2.2. Titrations with MUVs
spectrophotom etric titrations were carried ou t w ith o-methyl red and  
MUVs (diameter between 100 and  120 nm), prepared as in 3.3. a), in 
1 cm cuvettes a t 20°C and  constan t ionic strength  (I = 0.165 M).
Figure 34 show s the spectra  obtained from a  typical titration with 
MUVs. The titration was carried ou t by adding the vesicles in 30 mM 
sodium  citrate buffer, pH 5.4, to a  1 cm  cuvette containing 2 mL of o- 
methyl red (1 x  10"^ M) in the  sam e buffer. The titration  protocol w as 
such  th a t the initial additions of vesicles were 50 fXL. These were 
increased to 100  /d  and  200  fA\ a s  the extinction changes became 
smaller. The final phospholipid concentration in the  cuvette in the 
titration illustrated  in Figure 34 w as 6.3 mM.
Figure 35 shows the vesicle spectra  u sed  to correct the  apparent 
"absorbance", due to light scattering, of the vesicles in the  sam e way 
as described in m ethod i) in 2.3.5.3.b). In th is titration the  upper 
spectrum  (the 300 addition of vesicles) was used  as the s tandard  
vesicle spectrum  from which all other vesicle spectra  were then  
derived. These spectra were obtained by adding vesicles in 30 mM 
sodium  citrate buffer, pH 5.4, to 2 mL of the sam e buffer in a  1 cm 
cuvette .
Figure 36 shows the corrected spectra  from the titration in Figure 34, 
produced by correcting any offsets in either the vesicle spectra  or the 
o-methyl red spectrum , the  apparen t "absorbance" of the vesicles and  
finally the  dilution due to addition of o-methyl red. All corrections
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Figure 36 shows the  corrected spectra  from the titration  in Figure 34, 
produced by correcting any offsets in either the vesicle spectra  or the 
o-methyl red spectrum , the apparen t "absorbance" of the  vesicles and  
finally the  dilution due to addition of o-methyl red. All corrections 
were carried ou t using  the  d a ta  m anipulation programme TITMB as 
m entioned in 2 .3.5.3.
The difference spectra  in Figure 37 were produced a s  before by 
subtracting  the o-methyl red spectrum  from the other spectra. In th is 
case 508 nm  was used as the  wavelength for da ta  evaluation.
Figures 38 and  39 show the two d a ta  evaluation m ethods used  for
determ ining the association constant; the  double reciprocal plot of
C 0 1— ^ — versus — and  the  fitted curve obtained with the  KOD11E-E, c,
programme from the sam e titration. Table 5 gives a  sum m ary of the 
association constan ts obtained from titrations with MUVs using the 
K O D ll d a ta  evaluation m ethod.
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a methyl red alone (1.0 X10*® M) b>f 50 pl additions of MUVs 
g-k 100 f/l additions of MUVs 
t-o 200 fjl additions of MUVs (6.3 x 10*0 M)
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Figure 34: Spectra  obtained from a  titration  with o-m ethyl red an d  
MUVs in 30 mM sodium  citrate buffer, pH 5.4, in 1 cm  cuvettes a t 
20®C an d  co n stan t ionic s treng th  (I = 0.165 M).
0.S vesicles
a 30 fi (1.3x1(t4 
b too/il (25 X 10*4 M) 
C 200/i (49x1<t4 M) 
d 300//I (69 X 10*4 M)
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Figure 35: The vesicle spec tra  u sed  to correct the  titration  show n in 
Figure 34.
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F igu re  36: Corrected spectra  from the titration  a t pH 5.4 with MUVs 
show n in Figure 34.
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F igure  37: Difference spectra  from the titration  a t  pH 5.4 w ith MUVs 
show n in Figure 34.
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F igu re  38 ; Double-reciprocal plot of C 0 1—°— versus — from theE-E, c
titra tion  w ith MUVs a t pH 5.4 show n in  Figure 34.
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F igu re  3 9 : Fitted titration  curve from the  titration  a t  pH 5.4 with 
MUVs show n in Figure 34 obtained using the d a ta  evaluation 
program m e KOD 11.
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Table 5: Sum m ary  of the  association constants, , for the binding 
of the  o-methyl red zwitterion to MUVs a t pH 5.4 determ ined using the 
d a ta  evaluation program m e K O D ll from a  series of three titrations. 
The values from the double reciprocal plot m ethod are given in 
brackets, represents the  final phospholipid concentration a t the 
end of the titration. The diam eter of the  vesicles is also given.
= 6.3 mM 
diam eter = 
110 nm
(X 1Q3 M-1)
1.7 (1.6)
1.5 (1.7)
1.4 (1.4)
meein 1.5
standard
deviation
0.125
coefficient of 
variation(%)
8.2
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4.2.3. Titrations with LUVs
Spectrophotom etric titrations were carried ou t with o-methyl red and  
LUVs (diameter between 180 an d  200 nm), prepared as in 3.4 a), in 
1 cm cuvettes a t 20 °C and  constan t ionic strength  (I = 0.165 M). All 
spectra  in the titrations were corrected for 1 ) any offsets introduced by 
removing the  cuvette, 2 ) the  apparen t absorbance, due to light 
scattering, of the vesicles, and  3) the  dilution due to addition of the  
vesicles (see 2 .3.5.3. for more details of these corrections).
Figure 40 shows the  spectra  obtained from a  typical titration with 
LUVs a t pH 5.4. The titration  w as carried out by adding the LUVs in 
30 mM sodium  citrate buffer, pH 5.4, to 2 mL of o-methyl red in  the 
sam e buffer under the  conditions m entioned above. The titration 
protocol was such  th a t sm aller additions were m ade initially (20 /^L), 
b u t Increased to 30 pih and  40 ^L as the  extinction changes became 
smaller. Sm aller increases in the  additions were chosen (cf. 4.2.1. and  
4.2.2.) to account for the  higher apparen t absorbance of the  LUVs, b u t 
a t the  sam e time provide enough d a ta  points for the KODl 1 curve fit 
(see Figure 44).
In Figure 41 the vesicle spectra  used  to correct the apparen t 
absorbance of the vesicles in the  titration  with LUVs a t pH 5.4 are 
shown. In th is case the upper spectrum  (180 jjL) was used a s  the 
standard  spectrum  from which all other vesicle spectra were produced 
[see 2 .3.5,3 m ethod i) for more details of the  correction procedure]. 
Several vesicle spectra  were recorded, as  show n in Figure 41, in order 
to tes t the consistency of the  extinction chemge and  its
I l l
proportionality to the additions. If an  error occurred in the  additions, 
it w as also highlighted here. In th is way these spectra  were used  to 
provide an  additional check on the accuracy of the titration  set-up 
before starting, as well as a  spectral "fingerprint" of the vesicles, which 
could then  be used  to com pare with other vesicles prepared by th is 
m ethod.
The spectra, obtained after the  two corrections m entioned above had  
been carried out, are  illustrated  in Figure 42. The fact th a t an  
isosbestic point w as obtained in  Figure 42 after these corrections 
proved the  viability of th is  m ethod of correcting for light scattering by 
the vesicles and  showed th a t the  vesicle spectra are in tertransposable 
(can be transform ed by multiplying by a  simple factor). Thus in later 
titrations with vesicles in  the  sam e lipid concentration range (up to 
10 mM) a  few token scatter curves (as in Figure 41) were recorded and 
used  to produce a  vesicle spectrum  for each addition of vesicles [see 
2 .3.5.3 m ethod i)]. It should  be added a t  th is point th a t the  titrations 
with LUVs a t pH 5.4 were carried ou t before those with SUVs and  
MUVs, and  th u s  the correction procedure used  above w as then  also 
applied to the other two vesicle sizes.
From the difference spectra  show n in Figure 43 the wavelength where 
the m axim um  extinction increase occurred was identified as 510 nm. 
Therefore th is wavelength w as used  for the da ta  evaluation.
Figures 44 and  45 show the two da ta  evaluation m ethods used  for
determ ining the association constant; the double reciprocal plot of
^0 1—^ — versus — and  the fitted curve obtained with th e  KODl 1E - E ,  c.
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programme from the sam e titration. Table 6  gives a  sum m aiy  of the 
association constan ts obtained from titrations w ith LUVs using the 
K O D ll d a ta  evaluation m ethod.
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1.0 a methyl red alone (1.2 x 10'^ M) 
b-k 20 pi additions of LUVs 
I-p 30 pi additions of LUVs 
q 40 pi addition of LUVs ( 1.8 x 10'S M)
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F igu re  40 : Spectra  obtained from a  titration  w ith o-m ethyl red and  
LUVs in 30 mM sodium  citrate  buffer, pH 5.4, in 1 cm  cuvettes a t 20°C 
an d  co n stan t ionic streng th  (I = 0.165 M).
0.8 1
vesicles
a 30^1 (1.4 X 10-4 M) 
b 80 pi (3.8X10-4M ) 
c  130 /fl(6 .0 x 1 0 -^ M )  
d 180^1(8.1 X10-4M)
0.6 ■
0.4  .
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F igure  41 ; The vesicle spectra  u sed  to correct the  titration  in 
Figure 40.
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a  methyl red alone (1.2 x 10"® M) 
b-k 20 jul additions of LUVs 
I-p 30 pi additions of LUVs 
q  40 pi addition of LUVs (1 .8  x 10 “^  M)
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0.1
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F igure  42 : Spectra  obtained from the  titration  w ith LUVs a t pH 5.4 
show n in Figure 40 after aU corrections had  been carried  ou t (see 
text).
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k -o  30 p i ad d itio n s  o f  LUVs 
p  4 0  p i add ition  o f  LUVs (1.8 X lO '^M )
Cü 0.10 _
8  0 .0 5  _ _
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F igu re  43 : Difference spec tra  obtained from the titra tio n  with LUVs a t 
pH 5.4 show n in Figure 40.
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^0 1F igu re  44 ; Double-reciprocal plot of versus — from the
titration  w ith LUVs a t pH 5.4 show n in Figure 40.
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F igu re  45 : Fitted titration  curve from the  titra tion  w ith LUVs a t pH
5.4 show n in Figure 40 obtained using  the da ta  evaluation programme 
K O D ll.
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Table 6; Sum m aiy  of the  association constants, , for the binding 
of the o-methyl red zwitterion to LUVs a t pH 5.4 determ ined using the 
da ta  evaluation program m e KODl 1 from a  series of three titrations. 
The values from the double reciprocal plot m ethod are given in 
brackets, represen ts the  final phosphohpid concentration a t the  
end of the  titration. The diam eter of the  vesicles is also given.
= 1.8 mM 
diam eter = 
192 nm
A^H
(X 103 M-1)
1.8 (1.6 )
1.7 (1.8)
1.8 (1.8 )
m ean 1.8
standard
deviation
0.072
coefficient of 
variation(%)
4.0
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4.3. Titrations at pH 9.8
For titrations a t pH 9.8 it w as necessary to transfer the  SU Vs to 
30 mM sodium  carbonate/b icarbonate  buffer which was prepared as 
follows:
300 mL 0.1 M sodium  carbonate/b icarbonate  (10.6 g /L  NagCOg) were 
added to 100 mL IM NaCl, the  solution was m ade up  to a  litre and  the 
pH adjusted  to 9.8 with 15 mL IM HCl.
The ionic strength  of the vesicle suspension  was se t a t 0.165 M and  
calculated as follows:
30 mM carbonate/ bicarbonate ion [see Appendix II b) for full 
calculation]
I = 0.058 M
100 mM NaCl I = 0.100 M
15 mM HCl I = 0.0075 M
total = 0.165 M
The o-m ethyl red solution for titrations was prepared in 30 mM 
sodium  carbonate/b icarbonate  buffer a t pH 9.8 and  I = 0.165 M as 
follows:
1 mL 2 mM o-methyl red in 50 mM NaOH was added to 1 mL 1 M NaCl 
and  3 mL 0.1 M sodium  carbonate/b icarbonate. The solution w as 
m ade up  to 10 mL and  the pH se t a t 9.8 using 0.1 M HCl and  the 
ionic strength  a t 0.165 M.
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In titrations where a  higher lipid concentration w as necessary in order 
to observe an extinction change a  different regimen w as used.
Three solutions were prepared;
1. Vesicles and  o-methyl red in 30 mM sodium  carbonate/b icarbonate  
buffer.
2. Vesicles in 30 mM sodium  carbonate / bicarbonate buffer.
3. o-Methyl red in 30 mM sodium  carbonate / bicarbonate buffer.
The lipid concentration in  1 and  2 w as the sam e, and  the o-methyl red 
concentration in 1 and  3 w as the  sam e.
The titration  w as carried ou t by titrating  3 against 1. The rationale 
behind th is procedure was tha t, in th is way, it was possible to achieve 
a  higher hpid concentration an d  a t the sam e time avoid dilution due 
to additions of o-methyl red.
The apparen t absorbance of the vesicles was corrected by recording a 
vesicle spectrum  for each addition of vesicles [as described in m ethod 
Ü) in  2 .3.5.3 b)l with the difference th a t instead of adding vesicles to 
buffer, the buffer w as added to the  vesicles (solution 2 above). In th is 
way, as with the titration  procedure m entioned above, it was possible 
to s ta r t with the  highest lipid concentration, and, since the starting  
concentration of the vesicles in solution 2 was the  sam e as in 
solution 1 , the  sam e lipid concentrations as in the titration  were 
achieved (by adding the  sam e volumes of buffer. Instead of dye, to the  
vesicles in the  cuvette).
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1 w as prepared as follows:
100 //L 2 X 10"2 M o-methyl red were added to 900 vesicles in 
30 mM sodium  carbonate /b icarbonate  buffer, stirred and  left for a t 
least an  hour to enable the  dye to reach equilibrium  with the vesicles.
2 w as prepared as follows.
100 fiL 30 mM sodium  carbonate / bicarbonate buffer were added to 
900 pîL vesicles in 30 mM sodium  carbonate /  bicarbonate buffer by 
weighing.
3 w as prepared as  described on p. 117.
Weighing enabled inaccuracies in the pipetting to be corrected.
Due to the  veiy high apparen t absorbance of the LUVs titrations a t pH 
9.8 with th is vesicle category were no t possible.
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4.3.1. Titrations with SUVs
Spectrophotom etric titrations were carried ou t with o-methyl red and  
SUVs (diameter between 20 and  30 nm), prepared as in 3.2 a), a t 20°C 
and  constan t ionic streng th  (I = 0.165 M). Due to the  high lipid 
concentrations used  in these experim ents (typically 20-40 mM) it was 
necessary to reduce the path leng th  of the  incident light to enable the 
m easurem ent of extinctions under one. Thus 2 mm cuvettes were 
used. As a  resu lt mixing w ith a  m agnetic stirrer was no t possible due 
to the narrow ness of the  cuvettes and  h ad  to be performed by hand. 
Before carrying ou t the titration  it was necessary to establish  a  
suitable mixing tim e to avoid changes in the extinction due to 
inadequate mixing. In th is series of titrations a  period of 30 s was 
found appropriate.
An additional pitfall in these  experim ents was the fact th a t the  
cuvette had  to be removed from the spectrophotom eter for mixing 
(compare with titrations a t pH 5.4 where th is w as no t the case). As a  
result, offsets were introduced into the  spectra  which then  needed to 
be suitably  corrected [see 2.3.5.3. a)]. This is a  veiy im portant point in 
these titrations, as the  extinction change th a t one is expecting is 
sm aller com pared to th a t a t pH 5.4, and  hence any errors in the d a ta  
will have a  larger effect on the  accuracy of the titration.
Figure 46 shows the  spectra  obtained from a  typical titration with 
SUVs a t pH 9.8 and  the  sam e ionic strength  as the titrations a t pH
5.4 (1 = 0.165 M). The titration  w as carried out as before by adding 
SUVs in 30 mM sodium  carbonate/b icarbonate  buffer, pH 9.8, to
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250 fjiL of o-methyl red in the  sam e buffer in 2 m m  cuvettes. As in all 
titrations an  addition protocol w as chosen which allowed a  suitable 
num ber of d a ta  points for the  d a ta  evaluation (fits). In the  titration  
show n in Figure 46, 50 additions were found to be suitable, 
increasing to 100 fjCL as the  extinction change decreased towEirds the 
end of the  titration. The final lipid concentration in the cuvette was 
25 mM.
The apparen t absorbance of the  vesicles w as corrected by transform ing 
one vesicle spectrum  (SUVs in 30 mM sodium  carbonate/b icarbonate  
buffer, pH 9.8,) into several o thers by m eans of m ultiplication [as 
described in m ethod i) in 2.3.5.3 b)]. In Figure 47, the upper vesicle 
spectrum  (200 pCL addition) w as used  as the standard  from which all 
other vesicle spectra were then  derived. These spectra were obtained by 
adding vesicles in buffer to a  2 m m  cuvette containing 250 of the 
sam e buffer.
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a methyl red alone (1.9x10"^ M) 
b-ti 50 /Jl additions of SUVs 
1 100 pi addition of SUVs (25 mM)
0.8 ■
0.6 __
0.4 —
0.2
350 450
Wavelength [nm]
500 600 650300 400 550
F igu re  46 : Spectra  obtained from a  titration  with o-m ethyl red an d  
SUVs in 30 mM carbonate /b icarbonate  buffer,pH 9,8, a t 20*^0 and 
1 = 0.165.
05
0 .003 0 0 40 0 4 5 0 5 0 0 5 6 0 60 0 6 5 0 7 0 0 7 5 0
Wavelength [nm]
F ig u re  47 : The vesicle spectra  u sed  to correct the  titration  with SUVs 
a t pH 9.8 show n in Figure 46.
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The efficacy of th is correction procedure was tested by comparing the 
vesicle and  the  titration  spectra  with one ano ther above 570 nm  where 
one observes only the "absorbance" of the  vesicles and  n o t o-methyl 
red, w hich does no t absorb in  th is region (see Figure 48). If the 
correction was satisfactory, the two spectra  were identical in  th is 
region. However, in  these titra tions it w as often no t possible to avoid 
offsets in  the  spectra  due to the  removal of the cuvette for mixing. As 
a  resu lt the  two spectra  were no t identical an d  it w as necessary to 
transform  the vesicle spectrum  into  the  titration  spectrum  in the 
region above 570 nm  to elim inate any differences. This w as performed 
by plotting the  extinction of the  vesicle spectrum  against th a t of the 
titration  spectrum  for wavelengths above 570 nm  (see Figure 49), and  
fitting a  stra igh t line to the data . The equation of the fit was then  
used  to transform  the vesicle spectrum  into the titration  spectrum . 
This w as done for each pair of spectra, if necessary, and  the resulting, 
transform ed vesicle spectra  again com pared with the titration  spectra  
in the region above 570 nm . The spectra  should now be identical in 
th is region and  the vesicle spectrum  w as sub tracted  ficom the 
corresponding titration  spectrum  using the programme TITMB as 
described in 2.3.5.3. In th is way it w as possible to correct the  offsets 
In the  spectra  and  the apparen t absorbance of the vesicles. It is 
im portan t to point o u t th a t the  offset introduced w ith each addition 
of vesicles was n o t the sam e, an d  th u s  it was necessary to check each 
pair of spectra  (titration spectrum  an d  vesicle spectrum ) separately.
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0.6
•  v e s i c l e  s p e c t r u m  
t i t r a t i o n  s p e c t r u m0.55
0.5
0.45
0.4
0.35
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wavelength (nm)
F igu re  48: A plot of extinction versus wavelength for the titration  
spectrum  an d  the vesicle spectrum  (used to correct the  appeirent 
absorbance of the vesicles in  the  titration) in the  region above 
570 nm , w here o-methyl red  does no t absorb. The difference in the 
spectra  show s the  presence of an  offset.
125
0.25
0.2I
î  
8 -
§  0.15
%
*5 0.1II
0
y x) = 8.72 010751E 
/^ 2 = 9.9S
8442E-1
:-2
)8090E-1
**x +
2
R
0 0.05 0.1 0.15 0.2 0.25
Extinction of vesicle spectrum
F igu re  49 ; A plot of the extinction of the vesicle spectrum  above 
570 nm  against th a t of the  corresponding titration  spectrum  m the 
sam e wavelength range. The line show n is the  line of best h t  between 
the  plotted d a ta  pairs. The equation  show n was used  to transform  the 
vesicle spectrum  into the titra tion  spectrum  m the region above 
570 nm.
Figure 50 show s the corrected spectra  from the titration  in Figure 46. 
These spectra  were produced by correctm g Ûrstly any  offsets in the 
spectra, secondly the  apparen t "absorbance" of the vesicles and  finally 
the dilution due to the addition of SUVs. All corrections were carried 
ou t using the  da ta  m anipulation  program m e TITMB described in 
2.3.5.3.
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From the difference spectra  illustrated  in Figure 51, 470 nm  was 
chosen as the  wavelength for d a ta  evaluation.
Figures 52 and  53 show the least-squares fits obtained from the two 
da ta  evaluation m ethods u sed  for determ ining the association
Co 1constant; the  double reciprocal plot of —-—  versus — and  the fittedE - E q
curve obtained w ith the  K O D ll program m e from the sam e titration. 
Table 7 gives a  sum m aiy  of the  association constan ts obtained from 
titrations with SUVs usm g the K O D ll d a ta  evaluation m ethod.
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1 . 0
final addition of SUVs (25 mM ).9
.3
. 7 methyl red alone (1.9 x lO"*^  M)
.6
.5
.4
.3
.2
,1
0 . 0
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Wavelength [nm] 650 '00 750
Figure 50; Corrected spectra  from the titration  w ith SUVs a t pH 9.8 
show n in Figure 46.
o
.05
111 -  .0 5
final addition of SUVs (25 mM )
450390 510 6304 2 0 540 570 600 660 690 720 750
Wavelength [nm]i
Figure 51: Difference spectra  from the  titration  w ith SUVs a t pH 9.8
show n in Figure 46.
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titra tion  w ith SUVs a t pH 9.8 show n in Figure 46.
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F ig u re  53 : Fitted titration  curve obtained using the  d a ta  evaluation 
m ethod K O D ll from the titra tion  w ith SUVs a t pH 9.8 show n in 
Figure 46.
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Table 1% Sum m ary  of the  association constants, , for the  binding of 
the  o-methyl red anion to SUVs a t pH 9.8 determ ined using  the  d a ta  
evaluation programme K O D ll from a  series of three titrations. The 
values from the double reciprocal plot m ethod are given in brackets, 
represen ts the  final phospholipid concentration a t the end of the 
titration. The diam eter of the  vesicles is also given.
= 25 mM 
diam eter = 
28 nm
(M-1)
25.7(14.0)
27.4(22.3)
28.1 (2 1 .1)
m ean 27
standard
deviation
1.23
coefficient of 
variation
4.6
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4.3.2. Titrations with MUVs
Spectrophotom etric titrations were carried ou t with o-methyl red and  
MUVs (diameter between 100 and  120 nm), prepared as in 3.3 a), in 
2 m m  cuvettes a t 20°C and  constan t ionic strength  (1= 0.165 M). 
Despite the considerable light scattering of the MUVs, titrations were 
first carried ou t on a  HP 8450 spectrophotom eter w ith the aim  of 
testing w hether it would be possible to obtain a  significant change in 
the extinction a t a  phospholipid concentration (15-20 mM) on the 
edge of the extinction range of the  spectrophotom eter (0 - 1).
Figure 54 show s the spectra  obtained from a  typical titration with 
MUVs a t pH 9.8 and  the  sam e ionic streng th  as the titrations a t pH 
5.4 (I = 0.165 M). The titration  w as carried out by adding a  solution of 
MUVs and  o-methyl red (1.9 x  10"4 M) in 30 mM sodium  
carbonate / bicarbonate buffer, pH 9.8, to 250 fXL of o-m ethyl red of the 
sam e concentration in the  SEune buffer in 2 mm cuvettes. In th is way 
dilutions, due to the addition of vesicles, were avoided. The titration 
protocol w as such  th a t the Initial additions of vesicles were 40 ^L. 
These were increased to 50 pL\ and  100 ^1 as the extinction changes 
became smaller. The final phospholipid concentration in the  cuvette 
w as 16.3 mM.
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a methyl red alone (1.9 x 10-4 m) b-f 40 fvl additions of MUVs 
g-i 50 fil additions of MUVs 
I 100/Vi addition of MUVs (16.3 mM)
2.0
1.8
1.6
1.4
1.2
1.0
0.8UJ
0.6
0.4
0.2
350 450 500 550 {
W avelength [nm]
300 400 700 750600 650 800
F igu re  54: Spectra  obtained from a  titration with o-m ethyl red and  
MUVs in 30 mM carbonate /b icarbonate  buffer,pH 9.8, a t 20°C and 
I = 0.165.
1.8
vesic les 
a -e  4 0 /jl additions 
f-h 50/vl additions 
i ■ 100 pi additions
1.6
1.4
0.6
0.4
0.2
300 350 400 450 500 550 600 650 700 750 800
Wavelength [nm]
F igu re  55 : The scatter curves u sed  to correct the titration  with MUVs
a t pH 9.8 show n in Figure 54.
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The apparen t absorbance of the vesicles was corrected by recording a  
vesicle spectrum  (MUVs in 30 mM sodium  carbonate / bicarbonate 
buffer, pH 9.8,) for each addition of vesicles in the titration  [as 
described in m ethod ü) in 2.3.5.3. b)}. These spectra, show n in Figure 
55, were obtained by adding the  sam e volumes of vesicles (in 30 mM 
sodium  carbonate/b icarbonate  buffer, pH 9.8) as in the  actual 
titration  to a  2 m m  cuvette containing 250 fih of the  sam e buffer.
It was th en  necessary (as w ith all titra tions where the cuvette was 
removed for mixing) to compeire each titration spectrum  with the 
corresponding vesicle spectrum  used  to correct the apparen t 
absorbance of the vesicles, in order to establish w hether offsets were 
p resen t or not. In the case of offset spectra, the correction procedure 
described in 2 .3.5.3. a) w as followed.
Figure 56 shows the corrected spectra  from the titration  in Figure 54. 
These spectra were obtained by carrying ou t the corrections described 
above. All corrections were m ade using the da ta  m anipulation 
programme TITMB described in 2.3.5.3. The difference spectra  from the 
titration  are illustrated  in Figure 57.
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F igu re  56; Corrected spectra  from the  titration  w ith MUVs a t pH 9.8 
show n in Figure 54.
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F igu re  57 ; Difference spectra  from the  titration  w ith MUVs a t pH 9.8 
show n in Figure 54.
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As with titra tions with SUVs a t pH 9.8 the m axim um  change in the 
extinction occurred a t 470 nm  an d  th u s  th is wavelength was used  for 
the  d a ta  evaluation in Figure 58. In th is  figure the titration  curve 
fitted to the  d a ta  using  the d a ta  evaluation program m e K O D II is 
show n. However, because d a ta  points were provided only for the  initial 
slope of the  curve, the  la tte r p a rt of the  fit lacks accuracy. As a  resu lt 
it w as no t possible to determ ine the association constan t, , for the  
b inding of the o-m ethyl red an ion  to MUVs in th is  lipid concentration 
range with any  degree of accuracy. In order to rem edy th is one needs 
to carry  o u t these  titra tions a t h igher lipid concentra tions, for 
exam ple & 40 mM.
. 4
,3
. 2 5
.2
1 5
. 1
.05
O  1 0 20 30 90 10O50 60 70 80
(mM)
F ig u re  58 ; Fitted titra tion  curve obtained using th e  d a ta  evaluation 
m ethod KOD 11 firom the titra tion  w ith MUVs a t pH 9.8 show n in 
Figure 54.
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In Figure 58 tlie only sensible fit to the  d a ta  provided is a  stra igh t 
line; only a t m uch higher lipid concentrations does the titration  curve 
begin to show  sa tu ra tion  behaviour and  its characteristic  hyperbolic 
course, b u t here the po in ts are m issing. At lower concentrations, as 
show n in Figure 59, the  relationship  of extinction change to lipid 
concentration  is approxim ately linear. The fact th a t  the  stra igh t line 
does no t go through zero is probably due to the presence of offsets in 
th is  titration .
0.3
f(x) = 2.413569E-3*x +
2.138053E-2
R^2 = 9.751519E-1
0.25o
0.2
0.15
0.1
0.05
lipid concentration (mM)
F ig u re  5 9 : Plot of extinction change versus lipid concentration  from 
the titra tion  w ith MUVs a t  pH 9.8 show n in Figure 54.
Therefore, in  order to determ ine the  association constan t, , for the  
binding of the  o-methyl red an ion  to MUVs from the  d a ta  available, an  
alternative approach to the  KOD 11 m ethod was necessary.
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From the  titration  function for titrations a t higher pH [see equation 
(39) in Appendix I b)]
[ K,c, 1
it becomes clear th a t a t low vesicle (lipid) concentrations the  term
+1) approaches 1, an d  th u s  E-E^^ c ^ o , where Ae = -  e^ .
is the  difference between the extinction coefficients of the  m em brane- 
bound o-methyl red anion, , and  the free anion, , and  is taken 
as 1.2 X 1Q3 cm2 mol"l here, c^ o is the to tal o-methyl red
concentration and  w as 1.9 x  10 "^  M in these titrations.
It can  now be seen that, from a  plot of extinction change, E~Eq, 
versus lipid concentration, c^, the  gradient is If one assum es
th a t  Ae is the sam e for both  SUVs an d  MUVs (Ruf and  Georgahs, 
1984), can then  be calculated from these titrations.
Using th is m ethod an  association constan t of 7^ = 11 M 'l was 
obtained for the  binding of the  o-m ethyl red anion to MUVs.
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Since the initial titration  on the  HP 8450 spectrophotom eter did not 
allow a  direct determ ination of the association constan t with the 
KOD 11 method, fu rther titrations were ceirried ou t on a  Kontron 
spectrophotom eter which allows the  m easurem ent of extinctions of up  
to 3.5. In th is way it was possible to titra te  with higher lipid 
concen tra tions.
The titration  procedure w as som ew hat different to previously . This 
time, in order to reach higher lipid concentrations and  avoid dilution, 
the titration  regimen described in 4.3. w as followed. 20 ah and  then  
40 f.iL of o-methyl red in 30 mM sodium  carbonate/b icarbonate  buffer, 
pH 9.8, were added to a  400 solution of MUVs cuid  o-methyl red in 
the sam e buffer in a  2 m m  cuvette (see Figure 60). Mixing had  to be 
carried ou t by hand  due to the  narrow  pathlength  of the cuvettes. The 
initial lipid concentration in the  cuvette was 40 mM, and  th is was 
subsequently  lowered by successive additions of o-methyl red in 
30 mM sodium  carbonate/b icarbonate  buffer, pH 9.8.
It should  be m entioned a t th is  point th a t the dilution in the  2 m m  
cuvettes was appreciable and  in some cases m asked any change in the 
extinction. This w as in s ta rk  con trast to the  titrations a t pH 5.4 with 
1 cm  cuvettes where, due to the  larger volume of the cuvettes, the 
dilution was m uch sm aller (1:1.8 as compared with 1:3 in the  2 mm 
cuvettes).
The apparen t absorbance of the  vesicles was corrected for by recording 
a  vesicle spectrum  for each addition of vesicles as described in m ethod 
ii) in 2.3.5.3 b). The procedure w as the sam e as described in 4.3.
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20 ,uL and  then  40 ,uh of 30 mM sodium  carbonate /b icarbonate  buffer, 
pH 9.8, were added to a  400 suspension  of MUVs (40 mM) in the 
sam e buffer, in a  2 mm cuvette (see Figure 61).
3.0 a  methyl red (2  x icr^  M) +  MUVs  
b-f 20 fj\ additions of methyl red 
g-t 40 M additions of methyl red2.7
2.4
2.1
0.9
0.6
0.3
310 360 410 460
wavelength (nm)
510 560 610
F ig u re  60 ; Spectra  obtained from a  titration  with o-m ethyl red and  
MUVs in 30 mM carbonate /b icarbonate  buffer,pH 9.8, a t  20®C and  
I = 0.165 on a  Kontron spectrophotom eter.
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a MUVs in carb./bicarb, buffer, pH 9.8 b-f 20 pi additions of buffer 
g-i 40 pi additions of buffer
3.0
2.7
2.4
2.1
.0 1.8
0.9
0.6
0.3
310 360 410 460
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510 610560
F ig u re  61 ; The vesicle spectra  u sed  to correct the apparen t 
absorbance of the vesicles in the  titration  with MUVs a t pH 9.8 show n 
in Figure 60.
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A m ajor draw back with titra tions carried ou t on the  Kontron 
spectrophotom eter is th a t it is no t possible to transfer spectral d a ta  
from the spectrophotom eter to the  central com puter (HP 1000). As a  
resu lt eveiy m anipulation, i.e.correction, of the spectra, as well as the 
d a ta  evaluation, h ad  to be carried ou t by hand. This m akes the entire 
procedure veiy laborious and  tim e-consum ing.
As with all titrations where the  cuvette w as removed for mixing, 
offsets posed a  m ajor problem. In the  titration illustrated  in  Figure 60 
each spectrum  w as com pared with the corresponding vesicle spectrum  
in Figure 61 which was sub trac ted  in order to com pensate for the 
apparen t absorbance of the vesicles. Before th is w as done however, it 
w as necessaiy  to check the spectra  for offsets. As m entioned 
previously, the spectra  were com pared in  the region above 570 nm . If 
no offsets were p resent the  spectra  were identical. This was virtually 
never the  case, both in  the  titrations with MUVs a t pH 9.8 and  those 
w ith SU Vs a t pH 9.8. To correct the  difference between the two spectra 
the  d a ta  pairs, which h ad  to be read off by hand, were plotted against 
one ano ther as show n in Figure 62 and  the equation of the  line of 
best fit u sed  to transform  the vesicle spectrum  into  the  titration 
spectrum  so th a t they were identical in the  region above 570 nm. The 
vesicle spectrum  was then  sub tracted  firom the titration  spectrum .
This w as not possible for the  entire spectrum , however, (cf. titrations 
w ith HP 8450 spectrophotometer), for reasons m entioned above, and  
was therefore carried ou t a t the  wavelength where the m axim um  
extinction change was expected, a t 470 nm. It should  also be 
m entioned a t th is point th a t it w as n o t possible to work with the  aid 
of the  difference spectra, unlike the titrations on the  HP 8450
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spectrophotom eter. The la tter had  shown, however, th a t 470 nm  is a  
su itab le  wavelength for the  d a ta  evaluation. Unfortunately, no trend  
was observed in the extinction change (neither a  steady increase nor a  
steady decrease), and  it w as therefore impossible to determ ine the 
association  co n stan t from titra tions w ith MUVs a t pH 9.8 on the 
Kontron spectrophotom eter.
0.6
f(x) = 1.015677E+0*x 
+ -2.211429E-2 
R/\2 = 9.982427E-1
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Extinction of vesicle spectrum
F ig u re  62 ; A plot of the  extinction of the  titration  spectrum  above 
570 nm  against the extinction of the  corresponding vesicle spectrum  
in the  sam e wavelength range. The line show n is the  line of best fit 
betw een the  plotted d a ta  pairs. The equation show n w as used  to 
transform  the  vesicle spectrum  into  the titration spectrum  in the 
region above 570 nm.
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4.4. Discussion
4.4.1 Titrations at pH 5.4
4.4.1.1. Titrations with SUVs
As Figure 28 shows the  addition of SUVs to o-methyi red caused a  
shift of the  spectrum  due firstly to the  binding of the  dye to the 
vesicles and  secondly to the apparen t absorbance of the  vesicles which 
is due to their light scattering properties. The second factor leads to 
the  slanting of the  spectra  seen a t shorter wavelengths and  the 
apparen t absorbance above 600 nm . Comparing Figure 28 w ith Figure 
40 illustrates th a t the  scattering effect of the SUVs is considerably 
less th an  th a t of the LU Vs, due to their sm aller surface area. This 
allows one to titrate  to higher Upid concentrations before the  lim its of 
the spectrophotom eter are reached. To correct th is and  be able to 
observe only the effect of the  binding of the dye to the  vesicles, the 
vesicle spectra  shown in Figure 29 were used  to correct the  spectra 
according to m ethod i) in  2.3.5.3 b). These spectra were also used  to 
provide a  check on the accuracy of the  additions in the  titration  se t­
up  by m onitoring the extinction change and  its proportionality to the 
vesicle additions.
As can be seen in Figures 30 and  31 two isosbestic points were 
obtained a t 460 nm  and  560 nm  respectively after the  correction of the 
apparen t absorbance of the vesicles and  the  dilution. This illustrates 
the  efficacy of th is m ethod of correcting the light scattering of the 
vesicles and  shows th a t it w as no t necessary to record a  vesicle
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spectrum  for each addition of vesicles in the titration  in  order to 
correct their apparen t absorbance. The presence of the two isosbestic 
points also underlines the accuracy of the  titration.
Figure 31 was obtained by sub tracting  the o-methyl red spectrum  from 
the others to show the extinction difference. This w as used  to provide 
an  enlargem ent of the extinction changes over the entire spectrum  so 
th a t even sm all changes were visible. The wavelength where the 
m axim um  extinction change occurred w as used for the subsequen t 
d a ta  evaluation and  determ ination of the  association constant. Again, 
the presence of the  two isosbestic points is testim ony to the  accuracy 
of the titration, which is fu rther em phasized by the  quality of the 
least squares fits In Figures 32 and  33. The low scattering of the 
points in both fits illustra tes the  accuracy of the data.
Table 4 shows the consistency of the  titrations with SUVs a t pH 5.4 in 
term s of the association constan ts  determ ined from the  KOD11 d a ta  
evaluation method. This m ethod gives a  coefficient of variation of 
1.7% for which indicates a  high degree of consistency in these 
titrations.
The reason for using both  m ethods for determ ining K^ jj, where one 
would have sufficed, w as th a t the  double reciprocal plot enables the
researcher to see immediately w hether a  linear relationship between
*^0 1— and  — exists [see Appendix I a) for the definition of theseE-E^
terms]. This ought to be the case with accurate titrations. However, 
one should, a t the sam e time be aware of the innate  disadvantages of 
the  double reciprocal m ethod. The double reciprocal plot, by its veiy
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natu re , amplifies errors in the  lower additions of vesicles more th an  in 
the  higher additions. The consequence of th is is th a t  the  lower lipid 
concentrations, where the  extinction increase is correspondingly 
lower, are treated  differently to the higher lipid concentrations where 
the  accuracy is higher since one is observing larger changes in the 
extinction. Thus the errors in the  least accurate  d a ta  points are 
m ultiplied more th a n  in the  m ost accurate da ta  points. The KOD 11 
m ethod, on the  other hand , trea ts  all d a ta  points equally, and  is 
therefore generally accepted as being the more accurate  of the two 
m ethods. For th is reason the  values for determ ined by the  double 
reciprocal m ethod are always given in brackets in the d a ta  tables.
In sum m ary, one can  therefore conclude from the coefficient of 
variation of 1.7% for (determined by the KOD 11 method) th a t a  
high degree of accuracy w as achieved in  the titrations w ith SUVs a t 
pH 5.4.
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4.4.1.2. Titrations with MUVs
Titrations with MUVs a t pH 5.4 were carried out in  exactly the sam e 
way as w ith SUVs, a t the  sam e ionic streng th  (0.165 M) so th a t the 
association constan ts could be com pared under identical conditions. 
The spectra  obtained from titrations were veiy sim ilar to those with 
SUVs with the obvious exception th a t the apparen t absorbance of the 
MUVs was greater th an  th a t of the  SUVs (for reasons already 
explained). This imposed a  certain  restriction on the m axim um  lipid 
concentration which could be used  in titrations with MUVs, b u t 
nevertheless, the  binding of o-methyl red to MUVs was sufficiently 
strong so th a t the  final lipid concentration of 6.3 mM w as high 
enough to enable the  association constan t, , to be determ ined 
with accuracy.
From Table 5 it is possible to conclude th a t the titrations with MUVs 
were no t as consistent a s  those w ith SUVs, although a  coefficient of 
variation of 8.1% for determ ined using the m ethod KOD 11 is still 
a  good result. Indeed the  fact th a t the isosbestic points in the 
difference spectra  in Figure 37 are no t on the baseline indicates th a t a  
certain  error is p resent in the  d a ta  which is reflected by the greater 
variation in com pared w ith titrations with SUVs. However, to p u t 
th is error into perspective, it w as still possible to determ ine the 
association constan ts in th is series of titrations w ith a  good degree of 
accuracy, as the  fits in Figures 38 and  39 illustrate.
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4.4.1.3. Titrations with LUVs
As can be seen in Figures 42 and  43 two isosbestic points were 
obtained a t 460 nm  and  560 nm  respectively after the  correction of the  
light scattering an d  the  dilution. This illustrates the  accuracy of the 
titration  and  goes to prove th a t the  "noise" of the las t few spectra  in  
the  range 300-400 nm  (which occurs as a  resu lt of the  fact th a t the 
extinction was above 1 in  th is  range for the  last few additions) does 
no t have a  large effect. Indeed titrations were carried o u t such  th a t 
the extinction in the range where the d a ta  were later analysed was 
less th an  one so th a t the lim its of the  HP 8450 spectrophotom eter 
were no t exceeded a t th is  wavelength (in th is case the extinction 
increase a t 510 nm  w as evaluated). This allowed one to work with 
higher lipid concentrations where the extinction a t lower wavelengths 
(300-400 nm) was weU above one due to the considerable apparen t 
absorbance of the vesicles illustrated  in Figure 40. Despite th is 
restriction, the  ftnal lipid concentration (1.8 mM) w as still high 
enough to enable an  adequate extinction change for the da ta  
evaluation. Furtherm ore, th is approach was Justified by the quality of 
the fits obtsiined by the  d a ta  evaluation m ethods show n in Figures 44 
and  45.
Table 6 shows the accuracy of the  titrations with LUVs a t  pH 5.4 in 
term s of the association constan ts determ ined from the KOD 11 da ta  
evaluation method. This m ethod gave a  coefficient of variation of 4% 
for which Indicates a  high degree of consistency for th is series of 
titra tions.
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4.4.2 Titrations at pH 9.8
4.4.2.1. Titrations with SUVs
Due to the  weaker binding of the  anionic form of o-methyl red to 
vesicles several changes were necessaiy  in the titrations a t pH 9.8. For 
example, a  m uch higher lipid concentration (above 20 mM) was 
necessaiy  (than with titra tions a t  pH 5.4) in order to observe the 
spectral changes due to binding of the anion to the  vesicles, and  
enable the  association constan t to be determ ined w ith confidence.
This m eant th a t titrations h ad  to be carried ou t in 2 mm cuvettes to 
reduce the  extinction (due to the  apparen t absorbance of the  vesicles) 
to less th an  one, so th a t it w as possible to rem ain within the 
extinction limit of the  HP 8450 spectrophotom eter. Unfortunately, as 
a  resu lt of the narrow  path length  of the  cuvettes, it w as no t possible 
to use  an  autom atic stirrer in the  titrations a t pH 9.8; a  d istinct 
disadvantage com pared w itht the  titrations a t pH 5.4. To overcome the 
problem  of mixing after each addition of titrand , the  cuvette had  to be 
removed and  inverted several times. This procedure invariably led to 
the  in troduction of offsets to the  spectra. Since the  extinction 
changes in  these titrations were veiy small, it was essential to be able 
to correct the offset spectra  to prevent the changes expected from 
being m asked altogether.
To accomplish this, each vesicle spectrum  used  to correct the  apparen t 
absorbance of the  vesicles in  the  titration  was com pared with its 
corresponding titration  spectrum , and, if necessary, transform ed into 
the  latter by m eans of the  equation of the line of best fit obtained by
148
plotting the extinction (at a  range of wavelengths where o-methyl red 
does not absorb) of the  vesicle spectrum  against th a t  of the  titration 
spectrum  [see 2 .3.5.3 a) for the  exact details of th is correction 
procedure]. This was done for each pair of spectra, and  proved a  veiy 
effective way of correcting the  offsets. In fact, only in th is way was it 
possible to correct the  spectra  satisfactorily and  obtain  meaningful 
resu lts  for the association constan t.
The accuracy of these titrations is illustrated by the  isosbestic points 
in Figure 51 and  the  qualify of the  fits in  Figures 52 and  53. The fact 
th a t the  isosbestic points in  Figure 51 are not located on the  baseline 
(as theoiy predicts) indicates th a t a  certain  error is p resen t in the 
data, possibly from the phosphate assay. It was, nevertheless, possible 
to determ ine the  association constan t for the  binding of the  anion to 
SUVs, from these titra tions [K^  = 27 M“l), and  the  coefficient of 
variation of 4.6% for in Table 7 testifies to the consistency of the 
titra tions.
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4.4.2.2. Titrations with MUVs
In the initial titrations w ith MUVs a t pH 9.8 on the HP 8450 
spectrophotom eter, the  aim  w as to tes t w hether it would be possible 
to obtain a  significant change in  the  extinction w hilst working a t a  
lipid concentration approaching the  extinction limit of the 
spectrophotom eter (16.3 mM). As is evident in the a ttem pted KOD 11 
fit in Figure 58 th is concentraton range provided d a ta  points only for 
the  initial slope of the  fitted titration  curve, and  the  la tte r region of 
the  curve, which determ ines the association constant, w as th u s  
largely arbitrary  due to the  lack of points here. As a  resu lt it w as no t 
possible to determ ine the association constan t for the  binding of the 
o-m ethyl red anion to MUVs, , w ith any degree of confidence or 
accuracy using th is m ethod.
However, by assum ing th a t the  extinction coefficient of the 
membrame-bound anion of o-methyl red is the saune for SUVs and  
MUVs (Ruf and  Georgalls, 1984), it w as possible to use  the  gradient of 
the extinction change, from a  plot of extinction change versus Upid 
concentration, to calculate firom the data. This m ethod yielded a  
vailue of 11 M"l.
The com bination of the  high appaurent absorbance of the  MUVs and 
the  extinction limits of m ost common spectrophotom eters imposed 
considerable restrictions on titrations with MUVs a t pH 9.8. In order 
to circum vent these problem s it w as then  attem pted to carry ou t these 
titrations on a  spectrophotom eter capable of m easuring higher 
extinctions. This allowed higher Upid concentrations to be employed
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in  the  titrations (40 mM). The spectrophotom eter u sed  hi th is  case 
w as a  Kontron spectrophotom eter capable of m easuring extinctions of 
up  to 3. In order to maximize the  Upid concentration in these 
titrations a  different titration regimen w as used  (as described in 4.3.) 
which sta rted  with a  concentrated  solution of vesicles and  o-methyl 
red. This w as then  successively diluted by additions of the dye (see 
Figure 60), This procedure h as the added advantage of avoiding 
dilution of the dye, a s  the  concentration of the la tter rem ains 
constan t th roughout the titra tion  (its concentration h as  to be 
identical in the  two starting  solutions, of course).
Despite the fact th a t these titrations were carried ou t with m uch 
higher concentrations of vesicles, the expected changes in the 
extinction were no t observed. It should  also be added th a t titrations 
with the  Kontron spectrophotom eter were very laborious and  time- 
consum ing due to the  lack of a  com puter link-up. This m eant th a t the 
entire d a ta  evaluation, including all corrections, had  to be carried ou t 
by hand , and  th is w as done only a t the  wavelength chosen for da ta  
evaluation (470 nm). Thus a  possible reason for th is  resu lt is the 
difficulty of the  correction procedure and  the inaccuracy inheren t in 
reading off extinction values with the naked eye aided only by a  ru ler 
(even though enlargem ents of the  relevant regions of the  spectrum  
were made).
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General Discussion
5.1. Preparation and characterization of vesicles
As the resu lts in C hapter 3 have show n three different sizes of vesicles 
were successfully prepared. It w as possible in each case to prepare a  
population of vesicles w ith a  high degree of homogeneity and  a  m ean 
rad ius sim ilar to th a t described in the literature.
Of the  three m ethods employed for preparing vesicles, by far the 
quickest and  easiest to carry ou t is the  extrusion method. The beauty  
of th is procedure is th a t no detergent is required to d isrup t the 
bilayers in the lipid suspension. This is accomplished by pressing it 
back and  forth through a  m em brane. Furtherm ore, the vesicles 
produced are very stable and  hom ogeneous if a  sufficient num ber of 
passes are used  (19 were used  here).
For the  characterization of the vesicles the technique of DLS was 
found to be ideal. The cum ulan ts method, described in 2.3.4.2 b i), 
enabled the m ean rad ius of the  vesicles to be determ ined and  also 
provided a  useful m eans of checking the  quality (degree of 
homogeneity) of vesicle populations before they were used  in 
titrations. The CONTIN size algorithm  (Provencher, 1982 a,b) gave 
inform ation on the size distribution  of the  vesicles. Thus DLS 
m easurem ents allowed a  detailed characterization of aU vesicle 
categories.
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One of the m ost Im po rtant param eters for the determ ination of the  |
association constan t from titra tions w ith o-methyl red and  the !I
different vesicle categories is the  phospholipid concentration. As with '
m any other vesicle stud ies in the  literature, the  m ethod of B artlett 
(1959) was used  to determ ine the phospholipid concentration. After 
initial problems with th is assay  [see 3.7.2.1) for more details] it w as |I
possible to obtain a  coefficient of variation of 4 % for the  phospholipid |
concentration, i.e. 10 mM ± 0.4. This degree of consistency was j
sufficient to enable an  accurate  determ ination of the  association !
constan ts  of the anion and  zwitterion. |
5.2. Titrations with o-methyl red
As the resu lts in Table 8 for the  titrations a t pH 5.4 show, the  binding 
of the o-methyl red zwitterion to all three vesicle sizes is sim ilar and  
does no t appear to be sensitive to the  curvature of the vesicles. Hence 
the  association constant, , for the binding of the  zwitterion to the 
vesicle m em brane w as always in the  range 1.5-1.8 x  10^ M "l. Due to 
the m any sources of error in these titrations (for example the  accuracy 
of the  phosphate assay), it is likely th a t th is range is more 
representative of the sca tter of values from m any titrations and  
less a  significant difference in the  binding of the zwitterion to the 
different vesicle categories.
The titrations a t pH 9.8 were accom panied by m any problems - for 
example, th a t of offsets. It was, however, still possible to determ ine 
the binding of the anion to SUVs [K^  = 2 7  M"l). This resu lt indicates
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th a t the binding of the  einion is m uch weaker th an  th a t of the 
zwitterion.
Table 8: Sum m ary of the  association constan ts, and  , obtained 
from the titrations a t pH 5.4 and  pH 9.8 with the three different 
vesicle categories.
pH 5.4 pH 9.8
vesicle category Æ ^ (x l0 3 M -T )
SUVs 1.7 27
MUVs 1.5 11
LUVs 1.8 -
By using  the  gradient of the  extinction change in titrations with 
MUVs, it w as possible to calculate th e  association constan t, , for 
the binding of the anion to these vesicles. The value of 11 M“ 1 in  
Table 8 show s th a t the  binding of the anion to MUVs is m uch weaker 
th an  to SUVs and  confirms a  curvature effect on the binding of the 
anion. In addition, the  resu lts obtained here for the binding of the  
anion to vesicles compare favourably with those of Ruf and  Georgalls 
(1984) (vesicle diam eter = 52 nm; 15 M"l; vesicle diam eter = 25 
nm; ^  = 31 M 'l).
The deviations in K observed in the  titrations m ay occur as a  resu lt of 
m any factors. E rrors in the additions (even as sm all as 5%) during a  
titration  prevent the  dilution from being calculated precisely an d  lead 
to errors in  the corrected spectra  an d  hence the subsequent da ta  
evaluation. For th is reason one u ses  larger additions wherever
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possible to minimise any errors in the burette. The accuracy was also 
tested  before titrating by weighing the  additions from the burette. The 
exact volume of o-methyl red  in  the cuvette a t the  s ta r t of a  titration  
w as also determ ined by weighing. This enabled the dilution to be 
determ ined precisely. Similarly, the  cuvette was weighed again a t the 
end of a  titration  so th a t the  to ta l volume w as known. In th is way it 
w as possible to calculate the  lipid concentration in the  cuvette after 
each addition of vesicles, since the phosphate assay  was always 
carried o u t on the solution rem aining in the cuvette a t the  end of a  
titration. A further check on the  accuracy of the additions in a  
titration was possible by comparing the  vesicle spectra  recorded 
parallel to the titration  spectra. A plot of extinction versus either 
addition volume or lipid concentration should  reveal a  linear 
relationship (after correction of dilution) if the  additions m eet the 
required accuracy.
The phospholipid concentration needs to be determ ined with a  high 
degree of accuracy a s  th is is the m ost sensitive param eter in the 
determ ination of K. Sm all errors in the determ ination of the  
phospholipid concentration will be reflected in the  K values 
determined.
A niggling problem  in all spectrophotom etric titrations is th a t of offset 
spectra. In titrations a t pH 5.4 th is problem  w as avoided as  far a s  
possible by malting su re  th a t the  cuvette w as no t moved during the 
titration. In fact the  only offset which occurred in these titrations 
resulted  from the one occasion w hen it was necessary to remove the 
cuvette, for the  addition of the  o-m ethyl red solution a t the  s ta r t of
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the  titration. The cuvette had  been filled with buffer beforehand in 
order to record the  baseline for the titration.
In titrations a t pH 9.8 offsets posed a  serious problem. This was 
overcome by transform ing the  vesicle spectrum  into the titration  
spectrum  above 570 nm , so th a t the  two were then  identical. This 
procedure proved veiy effective and  edlowed the determ ination of the 
association constant, .
Two other im portant points in all titrations are the stability of the  dye 
and  the homogeneity of the vesicles. In order to avoid precipitation of 
the  zwitterionic form of o-m ethyl red a t low pH (solubility is 
approxim ately 1 x  10 '^  M) all dye solutions for titra tions a t pH 5.4 
were prepared a t higher pH and  the pH w as slowly lowered to 5.4 with 
0.1 M HCl.
The homogeneity of the vesicles w as tested  before each titration  by 
sho rt DLS m easurem ents which also allowed the m ean rad ius of the 
vesicles to be determined.
Finally, it is clear from these resu lts  th a t the binding of the 
electrically neu tra l zwitterionic form of o-methyl red to vesicles is 
unaffected, w hereas th a t of the  charged anionic form is affected by the 
size and  hence degree of curvature of the  vesicles. This m akes sense 
w hen one considers the different head  group conform ations of the 
phospholipid molecules in  the  three vesicle categories used  here. The 
packing constrain ts of the  lipid molecules in the SUVs are very 
different to those in MUVs and  LUVs. Indeed the headgroups of the
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lipid molecules located in the  outer monolayer of SUVs are splayed, 
which is no t the  case with the  o ther two vesicle types. This could lead 
to the enhemced binding of charged molecules seen in th is 
d issertation.
The findings presented here could have consequences for m any 
biological m em brane system s. For example, the in vivo binding of 
substra te  molecules to intrinsic (membrane-located) enzymes could be 
increased by the curvature of the boundaiy  layer (that region of the 
bilayer in the  imm ediate vicinity of the  intrinsic protein). This could 
serve to increase the  concentration of substra te  locally and  th u s  
enhance the  activity of the  enzyme. Since m any im portant enzymes 
are located in m em branes, e.g. the  enzymes of the respiratory chain in 
the inner m itochondrial m em brane, th is would have wide-ranging 
consequences.
Indeed any binding situation  in vivo could be affected by m em brane 
curvature. O ther examples which come to m ind are the  binding of 
horm ones to their receptors and  ions to ion transporters. 
Furtherm ore, SUVs would appear more suitable for reconstitution 
experim ents with tran spo rt proteins th an  MUVs or LUVs due to their 
higher affinity for charged substra te .
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5.3. Future work
As h as already been m entioned considerable difficulties were 
encountered with titrations a t pH 9.8 due to the  wealt binding of the  
anion to the  vesicles and  the  high lipid concentrations necessaiy  as a  
resu lt of this. It w as no t possible to determ ine the binding of the 
anion to MUVs with a  diam eter of 100-120 nm  using the  m ethod 
KODl 1. The m ain problem  was the considerable apparen t absorbance 
of these vesicles. It would therefore be p ruden t to prepare sm aller 
vesicles, e.g. diam eter 40-50 nm , to circum vent th is problem. In 
addition, higher lipid concentrations could be achieved, to com pensate 
for the  weaker binding, by using 1 m m  cuvettes. Furtherm ore, the 
problem of offsets needs to be solved in order to simplify the 
evaluation of these titrations.
Having established a  curvature effect on the binding of one 
chrom ophore to vesicle m em branes, it would be in teresting to follow 
th is work up  with an  investigation of the  binding of others. 
Fluorescence titrations, for example, would allow a  more sensitive 
m eans of following the  binding of the dye to model m em brane system s.
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Appendix I
a) Quantitative description of the binding of o-methyl 
red to egg lecithin vesicles in terms of parameters 
obtained from spectrophotometric titrations (Ruf, 1974, 
1981)
The extinction, F , a t a  given wavelength is the sum  of the 
contributions of all species which absorb a t th a t wavelength. Taking 
the case where both the zwltterionic and  anionic forms of o-methyl 
red are contributing significantly to the  to tal extinction, E, e.g. a t pH 
5.4
E - ^ ^ A H ' ^ A H '  (23)
where e is the  m olar extinction coefficient, c the m olar concentration 
and  the pathlength is taken  as 1 cm. The indices s and  i refer to the 
m em brane surface an d  the  hydrophobic region of the m em brane 
respectively. In th is case the  extinction is the sum  of the  
contributions of the absorbing species A", AH, A~\ AH'" and  AH' (see 
Figure 27 in  4.1.3) and  describes the  situation  after addition of 
vesicles to an  o-methyl red solution. The extinction, Eq, in  the
absence of vesicles is th u s  given by,
0^ -  + « f cl- (24)
and  according to the  law of m ass conservation the to tal o-methyl red 
concentration, c^o, is given by
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(25)
where the  index, r , refers to the  reference cuvette
and  after addition of vesicles
= ‘^a- * ‘^a-+<=AH+ <=ah‘ + ‘=AH‘ (26)
In the sim pler case where only the  anionic form of o-methyl red is 
contributing significantly to the  to ta l extinction, e.g. a t pH 9.8, the 
extinction after addition of vesicles is given by,
(27)
an d  in the  absence of vesicles by
Eq = (28)
Similarly, the  to tal m ethyl red concentration, , after addition of 
vesicles is
(29)
and  hi the absence of vesicles
A^- (^0 )
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In Figure 27 in  4.1.3 it is show n th a t the five absorbing species A", 
AH, A"", AH'" and  AH' exist in equilibria to one another. These 
equilibria are described by the following laws of m ass action:
(31)
(32)
K, = —Ss2_  (3 3 )
—  (34)
(35)A^H‘
By combining the above equations with the laws of m ass conservation
(26) and  (29) it is possible to derive expressions for E-E^ as a
function of the  Upid concentration, the to tal o-methyl red 
concentration,c , the hydrogen ion c o n c e n t r a t i o n , , an d  K the
association constan t for both cases, i.e. pH 9.8 and  pH 5.4 [see 
Appendices I b) and  I c) respectively].
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b] Derivation of titration function  at pH 9 .8
At pH 9.8 one is concerned only with the anionic form of o-methyl red, 
A~, and  its m em brane-bound form, A~^  [see Appendix I a)].
Combining (29) and  (31) gives
and
'  (37)
To obtain an  expression for in term s of and
(27) and  (28) are com bined to give
E~Eo==c^-.(e^-. (38)
and  then  (37) substitu ted  in  (38) to give (39) and  the reciprocal (40) 
which is used  for determ ining (see 2.3.5.4.)
* - ï . - v ( . . - - v ) [ ï g ^ j  (3«l
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c) Derivation o f titration  function  at pH 5 .4
At pH 5.4, in addition to the  anionic and  zwltterionic forms of o- 
m ethyl red A~ and  AH respectively, one is also in terested in the 
m em brane-bound forms A~\ AH" and  AH' (see Figure 27 in 4.1,3.)
By ushig (35) to elim inate c^' in  (23) one obtains
^ A I I ^ A H  ^ A U ^  (^A H * ^ A H ' ^ A h ) (41)
and  substitu ting  s^,. gives
^  ^ A - ^ A ~  ^A-’ '^A-* ^ A l i^ A H  ^ A H '' ^ A H ’ (42)
By using (33) and  (34) to elim inate c^ _ and  respectively one 
obtains
AH \ ^ I^ H* + eAH A^H’ + A^H" (43)
Substitu ting K,c„. + e a n d  then  gives
-^0 “  ^ A H ^ e f f  
^  = A^H^eff + A^H’^ cff’
and  hence
E Eq -  A^h)+ e^ff'^ AH’
(44)
(45)
(46)
can be expressed in term s of and  Kj by combining (25) and  (33) 
to give
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'A H r 1 + 1
(47)
Using the abbreviation
r  = 1 + 1l^^ H* ) (48)
then  gives
(49)
In (46), (c^  -  c ^ )  can be expressed in term s of as follows; 
By combining (33), (34) and  (26) one obtains
“ A^H A^H' 1 + + CA,y (50)
which can  be further simplified using  the abbreviations (48) and  (51)
Yh = + 1 (51)
to give
+ C A H ' (52)
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Using (35) to replace the  last term  and  substitu ting  = y^  ^+ gives
= y^A H  + Y AH’ (53)
S ubstitu ting  (49) gives
'AH‘
r-y„. 1 L y J A^H A^H (54)
S ubstitu ting  th is in (46) th en  gives
/  y  \ (55)
By combining (53) and  (32) one can replace ci\H’
A^H’ - Yh’ E-AH^L
(56)
Substitu ting  (56) into (55) gives
E-Eo = A^H^L (57)
and  abbreviating with =
U h *  Y )
Yh' .
AB -  - A H  - r  g i v e san d  K * = K  ^
and  finally
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[ 1
[ \  / J
(58)
K^cE - E , .A 6^ c . ---- ^ (59)
and  the reciprocal
E - E ,  A e ^ jf[K ‘£ ,c , J (60)
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A p p e n d ix  II
a )  C a l c i d a t i o n  o f  t h e  i o n i c  s t r e n g t h  o f  t h e  c i t r a t e  ion
As illustrated below there are three ionic forms of the  the citrate ion; 
(1"), (2') and  (3"), (N) represents uncharged citric acid.
H H H HI I I IH— C-COOH H— C —COO- H — C —COO' H— C-COO"
I K, I K2 I K3 I
HO — C— COOH HO — Ç— COOK HO — C—COO' HO —  Ç— COO' (61)
I I H+ I HT I
H— C— COOH H— C— COOH H— C— COOH H— C— COO"
I I I IH H H H
(N) (1) (2)
The three dissociation constan ts are given by (62), (63) and  (64) below.
[ i-Th "1 (62)
I 'lT g + l^2 = ' j "  (63)
\ r ] æ ] (64)
Rearranging these gives expressions for [ r ] ,  [2 ] and  [s"]
[ . - ] = » (65)
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The to tal citrate concentration is given by
[Q ]= [/v ]+ [r]+ [2-]+ [3 -] (68)
S ubstitu ting  (65), (6 6 ) and  (67) in (6 8 ) gives
[AT]-
r. K. K.K, K,K,K, (69)
Thus since [ q ] ,  2^, and  [h"^] are known, [N] and  hence [ r ] ,
[2 ] and  [s"] can be calculated.
From the Debye-Hückel equation for ionic strength , I,
(70)
where m is the molarity of the ion and  z the valency, the to ta l ionic 
strength  of the citrate ion can be seen to be given by
(71)
and  can therefore also be calculated (see Table 8 ).
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Table 8: Overview of the  Ionic strength  and  the m olar concentration 
of the  various forms of citrate a t different pH values.
pH conc
H+
conc. N conc.
( 1 - )
conc.
( 2 - )
conc.
( 3 - )
ionic
strength
pKi 2.98 5 1.0E-05 5.2E-05 5.4E-03 2 . IE-02 3.9E-03 6.2E-02
PKZ 4.42 5.1 7.9E-06 3.3E-05 4.3E-03 2 . IE-02 4.9E-03 6.6E-02
pKS 5.72 5.2 6.3E-06 2.0E-05 3.4E-03 2.0E-02 6.1E-03 7.0E-02
Kl 1.05E-03 5.3 5.0E-06 1.2E-05 2.6E-03 2.0E-02 7.5E-03 7.5E-02
KZ 3.83E-05 5.31 4.9E-06 1.2E-05 2.5E-03 2.0E-02 7.6E-03 7.5E-02
K3 1.89E-06 5.32 4.8E-06 1 . IE-05 2.5E-03 2.0E-02 7.8E-03 7.6E-02
buffer 5.33 4.7E-06 1 . IE-05 2.4E-03 2.0E-02 7.9E-03 7.6E-02
conc. 5.34 4.6E-06 1.0E-05 2.3E-03 2.0E-02 8.1E-03 7.7E-02
= 30 mM 5.35 4.5E-06 9.7E-06 2.3E-03 1.9E-02 8.2E-03 7.7E-02
5.36 4.4E-Q6 9.2E-06 2.2E-03 1.9E-02 8.4E-03 7.8E-02
5.37 4.3E-06 8.8E-06 2.1E-03 1.9E-02 8.5E-03 7.8E-02
5.38 4.2E-06 8.3E-06 2 . IE-03 1.9E-02 8.7E-03 7.9E-02
5.39 4.1E-06 7.9E-06 2.0E-03 1.9E-02 8.9E-03 7.9E-02
5.4 4.0E-06 7.5E-06 2.0E-03 1.9E-02 9.0E-03 8.0E-02
5.41 3.9E-06 7 . IE-06 1.9E-03 1.9E-02 9.2E-03 8.0E-02
5.42 3.8E-06 6.8E-06 1.9E-03 1.9E-02 9.3E-03 8 . IE-02
5.43 3.7E-06 6.4E-06 1.8E-03 1.9E-02 9.5E-03 8 . IE-02
5.44 3.6E-06 6 .1 E-06 1.8E-03 1.9E-02 9.7E-03 8 . IE-02
5.45 3.5E-06 5.8E-06 1.7E-03 1.8E-02 9.8E-03 8.2E-02
5.46 3.5E-06 5.5E-06 1.7E-03 1.8E-02 1.0E-02 8.2E-02
5.47 3.4E-06 5.2E-06 1.6E-03 1.8E-02 1.0E-02 8.3E-02
5.48 3.3E-06 5.0E-06 1.6E-03 1.8E-02 1.0E-02 8.3E-02
5.49 3.2E-06 4.7E-06 1.5E-03 1.8E-02 1.0E-02 8.4E-02
5.5 3.2E-06 4.5E-06 1.5E-03 1.8E-02 1 . IE-02 8.4E-02
5.6 2.5E-06 2.6E-06 1 . IE-03 1.7E-02 1.2E-02 8.9E-02
5.7 2.0E-06 1.5E-06 7.8E-04 1.5E-02 1.4E-02 9.4E-02
5.8 1.6E-06 8.4E-07 5.6E-04 1.3E-02 1.6E-02 9.9E-02
5.9 1.3E-06 4.7E-07 3.9E-04 1.2E-02 1.8E-02 1.0E-01
6 1.0E-06 2.6E-07 2.7E-04 1.0E-02 1.9E-02 1 . IE-01
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b] Calculation of the ionic strength of the 
carbonate/bicarbonate ion
The following equilibria show  the carbonate and  bicarbonate ions and  
their relationship  in aqueous solution.
Kl K2
H 2 CO 3  :^ = j^ H + + H C 0 3 - 7 = ^  H-^+COg^- (72)
pK i =  6.3 pK 2 = 10.25
The to ta l carbonate concentration, [CQ°J, is defined by (73) and  the 
dissociation constan t by (74).
[CQ“J -[f/,C 03]+[//C 03-J+[C03^-J (73)
At pH 9.8 the  concentration of carbonic acid, [H^CC^], can be 
neglected, and  th u s  by combining (73) and  (74) one obtains
[ c q ' - ] - (75)
Sm ce [cOg^J, [h ]^ and  are known and [HCO3 J can be
calculated. Then the  ionic streng th  can be calculated using the 
following equation:
+ (76)
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Table 9 gives an  overview of the  ionic strength  calculated a t different 
pH values.
Table 9: Molar concentrations and  ionic strength  of the  carbonate 
and  bicarbonate ions a t different pH values.
pH conc. conc. conc. ionic strength
H+ C03 HC03 C03 HC03 total
pKi 6.3 9 1.0E-09 1.6E-03 2.8E-02 3.2E-03 1 4E-02 4.7E-02
pKz 10.25 9.1 7.9E-10 2.0E-03 2.8E-02 4.0E-03 1 4E-02 4.8E-02
Kl 5.01E-07 9.2 6.3E-10 2.5E-03 2.8E-02 4.9E-03 1 4E-02 4.9E-02
Kz 5.62E-1 1 9.3 5.0E-10 3.0E-03 2.7E-02 6.0E-03 1 3E-02 5.0E-02buffer 9.4 4.0E-10 3.7E-03 2.6E-02 7.4E-03 1 3E-02 5 . IE-02
conc. 9.5 3.2E-10 4.5E-03 2.5E-02 9 . IE-03 1 3E-02 5.2E-02
= 30 mM 9.6 2.5E-10 5.5E-03 2.5E-02 1. IE-02 1 2E-02 5.3E-02
9.7 2.0E-10 6.6E-03 2.3E-02 1.3E-02 1 2E-02 5.5E-02
9.71 1.9E-10 6.7E-03 2.3E-02 1.3E-02 1 2E-02 5.5E-02
9.72 1.9E-10 6.8E-03 2.3E-02 1.4E-02 1 2E-02 5.5E-02
9.73 1.9E-10 7.0E-03 2.3E-02 1.4E-02 1 2E-02 5.5E-02
9.74 1.8E-10 7 . IE-03 2.3E-02 1.4E-02 1 IE-02 5.6E-02
9.75 1.8E-10 7.2E-03 2.3E-02 1.4E-02 1 IE-02 5.6E-02
9.76 1.7E-10 7.3E-03 2.3E-02 1.5E-02 1 IE-02 5.6E-02
9.77 1.7E-10 7.5E-03 2.3E-02 1.5E-02 1 IE-02 5.6E-02
9.78 1.7E-10 7.6E-03 2.2E-02 1.5E-02 1 IE-02 5.6E-02
9.79 1.6E-10 7.7E-03 2.2E-02 1.5E-02 1 IE-02 5.7E-02
9.8 1.6E-10 7.9E-03 2.2E-02 1.6E-02 1 IE-02 5.7E-02
9.81 1.5E-10 8.0E-03 2.2E-02 1.6E-02 1 IE-02 5.7E-02
9.82 1.5E-10 8 . IE-03 2.2E-02 1.6E-02 1 IE-02 5.7E-02
9.83 1.5E-10 8.3E-03 2.2E-02 1.7E-02 1 IE-02 5.7E-02
9.84 1.4E-10 8.4E-03 2.2E-02 1.7E-02 1 IE-02 5.8E-02
9.85 1.4E-10 8.5E-03 2 . IE-02 1.7E-02 1 IE-02 5.8E-02
9.86 1.4E-10 8.7E-03 2 . IE-02 1.7E-02 1 IE-02 5.8E-02
9.87 1.3E-10 8.8E-03 2 . IE-02 1.8E-02 1 IE-02 5.8E-02
9.88 1.3E-10 9.0E-03 2 . IE-02 1.8E-02 1 IE-02 5.8E-02
9.89 1.3E-10 9. IE-03 2 . IE-02 1.8E-02 1 OE-02 5.9E-02
9.9 1.3E-10 9.3E-03 2 . IE-02 1.9E-02 1 OE-02 5.9E-02
10 1.0E-10 1. IE-02 1.9E-02 2.2E-02 9 6E-03 6 . IE-02
